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Gold used to be regarded as catalytically inert until about 20 years ago when it was 
shown that supported gold clusters < 5 nm in diameter exhibited some unique catalytic 
properties. Based on this revelation, several studies have demonstrated the feasibility of 
reactions previously thought of as impossible on gold. The ability of gold to oxidize CO 
below ambient temperatures at rates higher than conventional CO oxidation catalysts (Pd 
and Pt) has been shown to hold potentials for technological applications. Extensive past 
and on-going research are geared towards elucidating the mechanistic details of this 
reaction. The nature of the active sites, the effect of the supports and the effect of 
moisture are still debated in literature. I therefore present some experimental results 
supported with density functional theory calculations to shed additional light on some of 





Previous studies of the effect of moisture on oxide-supported gold reported that 
although water promotes CO oxidation on this surface by as much as two orders of 
magnitude, it is only a spectator molecule on the surface. I present here evidence for 
strong water-oxygen interactions when water is co-adsorbed with atomic oxygen on 
Au(111). Impinging a CO beam on the surface co-adsorbed with oxygen and water 
produces water-enhanced CO oxidation. Based on these results, I propose that CO reacts 
with hydroxyls formed from water-oxygen interactions to form CO2, similar to a previous 
observation on Pt(111). 
Exposing a Au(111) surface pre-covered with 16O to isotopically labeled carbon 
dioxide (C18O2) showed that 16O18O (m/e = 34) was produced from carbonate formation 
and decomposition. Estimates of reaction probability and activation energy gave ~ 10-4 - 
10-5 and -0.15 eV respectively. 
The effect of annealing on the reactivity of oxygen pre-covered Au(111) was 
investigated using water, carbon monoxide and carbon dioxide as probe molecules. Pre-
covering Au(111) with atomic oxygen followed by annealing resulted in surfaces that 
were less reactive towards water, CO and CO2. Annealing is believed to stabilize the 
reactive metastable oxygen thereby increasing the barrier to reaction similar to what is 
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Chapter 1: Introduction 
 
Gold’s interesting chemistry compared to other metals is evidenced by its 
resistance to oxidation and corrosion. It is also the most electronegative metal and it is 
only slightly more electropositive than non-metals such as sulfur and iodine. The 
extremely high ionization potential (9.22 eV) and electron affinity (2.31 eV) also 
differentiates gold from all other metals. Gold is the only transition metal without a stable 
oxide and it possesses a unique ability to interact with itself (aurophilic ability), thereby 
forming superstructures of gold-containing molecules. Therefore it comes as no surprise 
that gold has a unique chemistry with respect to catalysis and surface reactions.  
The first consideration in understanding the exceptional chemistry of gold (Z = 
79) is its electronic configuration. Gold has the electronic configuration [Xe]4f145d106s1 
and it is a Group 11 (1B) element, same group as copper and silver. The 5d band is 
regarded as the focal point of gold’s chemistry as a result of relativistic effects.1-4 Due to 
the large nuclear charge of gold, the s and the p orbitals (p orbitals to a lesser extent) 
contract while the d and f orbitals expand. The energy difference between the 5d and 6s 
orbitals of gold shrinks by more than 60%2 when compared to the theoretically modeled 
non-relativistic case.5 Another effect of gold’s relativistic contraction is the strength of 
binding of the 6s electrons, which accounts for its extremely high electronegativity and 
innertness.1-4  
Therefore, gold compared to other transition metals used to be universally regarded as 
catalytically inert or a poor catalyst at best until about 20 years ago when a Japanese 
scientist, Masatake Haruta showed6 that well-prepared gold nanoparticles (NPs) are 
capable of some interesting catalytic reactions. Since then, there has been a growing 
 
 2
effort at exploiting some of this unique chemistry of gold for fundamental and industrial 
applications. Several reactions7-12 have been reported in literature such as low 
temperature CO oxidation,11-16 propylene epoxidation,17-20 the water-gas shift 
reaction,17,21-23 NO reduction24, ammonia oxidation25, hydrogenation of carbon oxides10 
and, hydrochlorination of acetylene.26,27 
Among all these reactions, CO oxidation has received the most attention due to the 
exceptional activity of gold NPs at temperatures as low as 65 K.11 Although it is 
generally accepted that gold clusters 2-5 nm in diameter supported on metal oxides 
exhibit the greatest activity,16 many other details about this reaction are far from being 
completely understood. In particular, the reaction mechanism, details about the oxidation 
state of active gold, the effect of the metal oxide support, whether atomic or molecular 
oxygen is the reactive species and, the role of moisture have drawn attention from both 
fundamental research and technological applications point of view. 
Concerning the oxidation state of gold, some authors assert that Auo is the only active 
oxidation state28-30 but Fu et al. proposed that Aux+ is responsible17 for gold’s activity 
while others proposed that both states may be simultaneously present.1,31,32 Aux- has also 
been proposed as resulting from charge transfer to gold from defect sites (on the metal 
oxide support).8,33,34 Another highly debated issue is the influence of support on gold’s 
reactivity. The interface between the gold and the metal oxide has been suggested as 
active site for CO oxidation28,35-37 while other studies claim that the low-coordination 
sites on gold particles are the active sites for CO oxidation.8,38  
The origin of the oxygen species responsible for CO oxidation can provide a clue to 
understanding the mechanism of this reaction. There are three different opinions about 
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the origin of the oxygen species in CO oxidation. The reaction according to the first idea 
37,39 begins by molecular oxygen dissociation on low-coordination gold sites followed by 
CO oxidation while the metal oxide acts as a passive support for the gold NPs. The 
second school of thought36,40 contends that molecular oxygen adsorbs on the support then 
dissociates and spills over to the gold NPs where it oxidizes CO. The third group41,42 
proposes that molecular oxygen reacts directly with CO to form an adsorbed carbonate, 
which later reacts with CO to form two CO2 molecules. Previous studies from our 
research group have shown evidence that both atomic oxygen and molecularly 
chemisorbed oxygen are present during CO oxidation on TiO2-supported gold NPs.12,43-46 
Water plays an important role in many chemical reactions either when added 
intentionally or when present as moisture due to humidity in ambient reaction conditions. 
In either case, understanding the role of water in CO oxidation on gold has been a subject 
of recent research efforts. Date and co-workers47,48 have reported that water promotes CO 
oxidation on Au/TiO2 by close to two orders of magnitude. They proposed that water 
plays two possible roles in enhancing CO oxidation.47,48. The first role is the activation of 
molecular oxygen on gold NPs to produce atomic oxygen followed by CO oxidation by 
the activated oxygen. 47,48 The second role is the decomposition of carbonates formed 
during the reaction of CO with molecular oxygen. 47,48 Both possibilities point to the fact 
that water is indirectly involved in CO oxidation. However, recent studies14,49 have 
emerged confirming that water enhances CO oxidation on gold but also showing that 






Figure 1.1: Crystal structure of the (a) (111), (b) (100) and (c) (110) of fcc gold.5 
 
In light of all these controversial issues regarding CO oxidation on gold, this 
dissertation is a collection of studies aimed at providing more clarity on a variety of the 
aforementioned issues. Using a well prepared single crystal Au(111), it is possible to 
circumvent the support effects as well as the problem of agglomeration of gold NPs 
earlier reported on metal oxide supported gold NPs.16 Another desirable characteristic of 
the (111) surface is that it is the most stable and by extension, the predominant surface of 
fcc metal NPs supported on metal oxides. Since the model system for low temperature 
CO oxidation is the Au/TiO2 system, studying the single crystal Au(111) surface will 
provide a wealth of information that can aid in better understanding this reaction both 
from fundamental and technological points of view. 
Figure 1.1 shows the (111), (110) and (100), the three low Miller index surfaces of 
face centered cubic (fcc) gold. The clean (111) surface has been well studied and it is 
reputed to undergo lattice reconstruction in UHV.50 This reconstruction produces the 
herringbone structure, shown as a zigzag pattern that results from joining of 1200 rotated 
domains (Figure 1.2).5,50 It comprises a complex-stacking-fault domain in which both fcc 
and hexagonal close packed (hcp) domains are present on the surface with narrow 
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transition regions between them.5,50 Although the reconstructed surface is reportedly 
stable up to 865 K, the extreme conditions (annealing for several hours at over 800 0C in 
1 bar O2) necessary for it to be generated makes it highly unlikely in catalytically active 
systems.5 As such, I will be talking about the Au(111) surface in this work as being the 
unreconstructed surface. 
 
Figure 1.2: STM image of the herringbone reconstruction of Au(111)5 
 
Atomic oxygen pre-covered Au(111) surfaces used for the experiments reported 
in this dissertation were prepared by oxygen atom deposition using a radio frequency 
(RF) generated plasma-jet source that produces a supersonic beam of O atoms from an 
8% (vol.) O2  in Ar gas mixture.51-53 An oxygen dissociation fraction of ~40%, as 
measured by time of flight techniques, was achieved.  Ions were deflected from the O-
atom beam by a charged plate (biased negatively at 3000 V) located below the beam line 
in one of the differential pumping stages of the UHV chamber. We have previously 
shown that very small surface concentrations [less than 0.02 ML] of adsorbed oxygen 
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molecules O2,a are produced on the Au(111) surface from exposure to our O-atom beam 
source, however we reasonably neglect this species in this study because its’ presence is 
nearly undetectable.12,43 
Chapter 2 presents a detailed study of the role of water in the low temperature CO 
oxidation on atomic oxygen pre-covered Au(111). It presents both experimental results 
and DFT calculations [in collaboration with Nathan S. Froemming and Dr. Graeme 
Henkelman] showing that water not only acts as a promoter during CO oxidation on gold, 
it is directly involved in the CO oxidation reaction. It begins by presenting three 
experiments for water-oxygen interactions and reaction on Au(111). The first experiment 
shows that water thermally desorbs from the oxygen covered Au(111) at ~ 175 K 
(compared to desorption from clean gold at ~ 155 K). This shift in desorption 
temperature is indicative of the stronger binding of water on oxygen pre-covered Au(111). 
According to supporting DFT results, water binds to oxygen pre-covered Au(111) with a 
binding energy of 0.29 eV which is almost double the binding energy (0.15 eV) of water 
to clean Au(111). This first observation is similar to results earlier reported by Lazaga et. 
al. on Au(111)54 as well as the results of a study by Outka and Madix on Au(110)55. The 
second experiment shows TPD spectra of water where a new feature in the water 
desorption emerges showing oxygen exchange between adsorbed atomic oxygen and 
adsorbed water. For instance, water TPD spectra from a Au(111) surface on which 18O 
and D216O were co-adsorbed showed a new water feature (D218O) in addition to D216O. 
DFT results show very facile hydroxyl formation followed by rapid and reversible 
hydroxyl recombination on oxygen pre-covered Au(111). The third experiment regards 
the water-oxygen interaction and shows oxygen scrambling between water and adsorbed 
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oxygen adatoms as shown by oxygen TPD upon heating the surface. In further support of 
these experimental findings, DFT calculations indicate rapid diffusion of surface 
hydroxyl groups at temperatures as low as 75 K. The second part of Chapter 2 provides 
results to unambiguously show the direct involvement and promoting role of water in CO 
oxidation on oxygen covered Au(111) at low temperatures. Based on experimental results 
and DFT calculations, it is proposed that water dissociates to form hydroxyls (OH and 
OD) and these hydroxyls react with CO to produce CO2. The later part of Chapter 2 
addresses observed differences in water-oxygen interactions and oxygen scrambling 
between 18O/H2
16O and 18O/D2
16O with the “heavy” water producing less scrambling. 
Similar differences were also observed in water reactivity towards CO oxidation in which 
less CO2 was produced with 16O/D2
16O than with 16O/H2
16O.  
Chapter 3 presents experimental evidence of carbonate formation and 
decomposition on atomic oxygen pre-covered Au(111). Results are presented showing 
oxygen mixing in temperature programmed desorption (TPD) measurements when a 
Au(111) pre-covered with 16O was exposed to isotopically labeled CO2 (C18O2). 16O18O 
production was observed when a Au(111) surface pre-covered with atomic oxygen is 
exposed to C18O2 (3-30 L) at surface temperatures ranging from 77 K to 400 K. A 
reaction probability on the order of 10-4 - 10-5 and an activation energy of -0.15 eV were 
obtained for this reaction. This low reaction probability was also alluded to as possible 
reasons why previous studies on Au(111)54 and Au(110)56 showed no appreciable surface 
carbonate formation and reaction.  
In chapter 4, results are presented to show the effect of annealing on the reactivity 
of oxygen pre-covered Au(111). Although previous studies on some other surfaces.57-61 
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have shown that the reactivity of oxygen species can be characterized by its reactivity 
towards probe molecules, such studies have not been done on gold. The reactivity of 
different atomic oxygen states on Au(111) was therefore studied using isotopically 
labeled water (H218O and D216O), carbon monoxide (CO), and oxygen-labeled carbon 
dioxide (C18O2), as probe molecules inside an ultra high vacuum (UHV) chamber. 
Experimental results were presented from molecular beam scattering and temperature 
programmed desorption (TPD) measurements showing a significant difference in 
reactivity at 77 K between annealed and unannealed atomic oxygen pre-covered Au(111) 
surfaces.  The annealed surface was prepared by dosing atomic oxygen (16O and 18O) at 
77 K, then annealing to temperatures ranging from 100 – 420 K before dosing probe 
molecules (H218O, D216O,CO and C18O2) at 77 K.  The reactivity of oxygen with water 
was observed to diminish drastically due to annealing.  This was observed as a reduction 
in the higher temperature (~ 175 K) desorption peak of water as well as a decrease in the 
oxygen exchange products (18O16O and 18O2 in the case of 16O/H218O and, 18O16O and 
16O2 in the 18O/D216O system).  Progressively lower CO2 evolution was also observed 
with annealing of an oxygen pre-covered Au(111) surface to higher temperatures before 
impinging a CO beam at 77 K.  The decrease in CO2 production was most pronounced at 
the highest annealing temperatures.  Subsequent O2 TPD spectra after CO titration 
experiments show that the oxygen adlayer becomes more unreactive towards CO as 
annealing temperature increases.  The effect of annealing on the reaction probability for 
surface carbonate formation on Au(111) was also investigated.  A noticeable decrease in 
reaction probability was observed when a Au(111) surface pre-covered with 16O was pre-
annealed before exposure to 30 L C18O2 exposure at 77 K. The reaction probability 
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decreased with increasing annealing temperatures with the highest decrease (a factor of ~ 
10 decrease relative to the unannealed surface) observed for a surface annealed to 400 K.  
Chapter 4 also presents conclusions that metastable oxygen species are responsible for 
the reactivity observed on the unannealed surface and that annealing stabilizes these 
metastable oxygen species thereby reducing their reactivity. 
Chapter 5 summarizes the major findings of my work and discusses their 
relevance to current understanding of gold catalysis in general but with particular 
reference to low temperature CO oxidation. I also present recommendations for future 
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Chapter 2: Water-Enhanced Low-Temperature CO Oxidation and 




Catalysis on gold has become increasingly more studied as a result of Haruta’s 
pioneering work on the reactivity of gold nanoparticles (NPS).1  Since then, several 
studies have shed additional light on the catalytic activity of gold.2-48  These studies have 
reported interesting results regarding low temperature oxidation of carbon monoxide, 
propylene epoxidation, the water-gas shift reaction and the selective oxidation of 
ammonia as well as other important surface chemical reactions. Among these, low 
temperature CO oxidation is quite unique because the activity of gold catalysts cannot be 
matched by other metals. This low temperature activity has generated great interest and 
much research in metal oxide supported gold NPS. Although it is widely accepted that 
gold particles 2-5 nm in diameter exhibit the greatest activity,43 research continues on the 
nature of the active sites for these catalysts and on details of the reaction mechanism. 
While some studies suggest that the perimeter interface of gold particles with the metal 
oxide support acts as the active site for CO oxidation, 2,4,37,49others based on theory and 
gas phase cluster experiments27,31,50 point to low coordination sites on small gold particles.   
The oxidation state of the active form of gold is also under debate. Some studies suggest 
that metallic gold6,29 is the active form while others claim oxidic gold18,20 is responsible 
for gold’s chemical activity.  Thus, several issues are in need of resolution to fully 
understand CO oxidation on gold catalysts.  The {111} facet is the most stable and most 
prevalent configuration of most supported metal nanoparticles, therefore an 
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understanding of CO oxidation on Au(111) will be very useful in understanding this 
reaction on supported Au NPS. 
This work presents both experimental results and density functional theory (DFT) 
calculations showing the effect of adsorbed water on CO oxidation on Au(111) pre-
covered with atomic oxygen at temperatures as low as 77 K.  The interaction of water 
with several clean single crystal metal surfaces has been reported, and a number of those 
systems have been shown to irreversibly dissociate water.13,52-56  Studies of co-adsorbed 
water and oxygen on metal surfaces have also been reported. These latter investigations 
can be divided into two broad categories: those in which water does not dissociate in the 
presence of oxygen on the surface and those in which oxygen induces water dissociation. 
For those metal surfaces known to demonstrate water dissociation in the presence of co-
adsorbed oxygen, it is commonly believed that the oxygen adatom abstracts a hydrogen 
atom from the adsorbed water molecule to form two OH groups.57-61 In some studies, a 
stable water-oxygen complex was observed to be present before forming OH groups.62-65 
In most cases, OH groups adsorbed on noble metal surfaces react with sufficient heating 
to form water, leaving an oxygen atom on the surface. However, unless water dissociates 
on the clean metal surface, OH groups that have formed from the water-oxygen 
interaction do not dissociate further to adsorbed hydrogen and oxygen.66  
While many metal surfaces exhibit oxygen induced water dissociation, there are a 
few cases, including Ni(111) and Ru(0001), in which water dissociation does not occur 
with chemisorbed oxygen atoms on the surface.67-72  These studies have commonly noted 
stabilization of the molecular water by preadsorbed oxygen as evidenced by an upward 
shift in the water desorption temperature, but no reaction or isotopic scrambling between 
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water and oxygen atoms on the surface was observed. Until recently, Au(111) was also 
regarded as a surface upon which water did not dissociate in the presence of oxygen 
adatoms and, as with the other metals mentioned above, water was considered to desorb 
from the oxygen covered surface without reaction, leaving the original oxygen on the 
surface.25  However, in an earlier, brief account21 of some of this work, we showed 
evidence suggesting that oxygen covered Au(111) might dissociate water. 
Addition of moisture in the feed stream to a high surface area supported Au/TiO2 
catalyst at atmospheric pressure is believed to enhance the CO oxidation reaction by as 
much as two orders of magnitude.15,16  Date and Haruta15,16 suggested that water has two 
possible roles during CO oxidation.  First, it may promote the reaction by activating 
molecular oxygen on the surface to enhance CO2 production, a fact supported by related 
DFT calculations by Liu et al17.  The second possible role of water is assisting in the 
decomposition of carbonates that may accumulate on the surface in order to 
accommodate additional reactants on the surface during CO oxidation.  All these 
hypotheses propose that water promotes CO oxidation but is not directly involved in the 
reaction. 
Here we present evidence of oxygen exchange when water is added to an atomic 
oxygen pre-covered Au(111) surface, resulting in oxygen scrambling on the surface as 
determined via temperature programmed desorption employing isotopically labeled 
oxygen in select reactants.  We also show that water is directly involved in CO oxidation 
on a Au(111) surface populated with atomic oxygen and water.  We also investigate 





The experiments reported here were performed in an ultrahigh vacuum (UHV) 
molecular beam surface scattering apparatus that has been previously described in 
detail22,73 but is briefly summarized here.  The apparatus consists of a UHV 
scattering/analysis chamber and a quadruply differentially-pumped molecular beam 
source chamber. The scattering/analysis chamber (base pressure less than 2.0 × 10 –10 
Torr) is equipped with an Auger electron spectrometer (AES), low energy electron 
diffraction optics (LEED), and a quadrupole mass spectrometer (QMS).  
The sample is a Au(111) single crystal (11mm in diameter, 1.5 mm thick) 
mounted to a tantalum plate that can be resistively heated and which is in thermal contact 
with a liquid nitrogen bath for cooling.  The temperature of the surface was monitored 
with a type K thermocouple spot-welded to the tantalum plate. Oxygen atoms were 
deposited on the Au(111) surface using a radio frequency (RF) generated plasma-jet 
source that produces a supersonic beam of O atoms from an 8% (vol.) O2  in Ar gas 
mixture.74-76  An oxygen dissociation fraction of ~40%, as measured by time of flight 
techniques, was achieved.  Ions were deflected from the O-atom beam by a charged plate 
(biased negatively at 3000 V) located below the beam line in one of the differential 
pumping stages. We have previously shown that very small surface concentrations [less 
than 0.02 ML] of adsorbed oxygen molecules O2,a are produced on the Au(111) surface 
from exposure to our O-atom beam source, however we reasonably neglect this species in 
this study because its’ presence is nearly undetectable.40,41 
Research purity, isotopically-labeled water [Isotec®, 97.1% H218O and Spectra®, 
99.9% D216O] was employed to distinguish the oxygen atom in water from oxygen atoms 
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used in O-atom doses [16O and 18O (from Matheson Trigas™ 99.999% 16O2 and Isotec® 
99.7% 18O2 respectively)]. A typical value for the CO beam flux was ~9×1013 molecules / 
cm2⋅  
All of the beams (oxygen, water, and CO) were expanded from the same nozzle 
through the same apertures to ensure that the beam illumination “spots” on the gold 
sample were the same in size and coincident. Gas lines were flushed to pressures less 
than 3 x 10-2 Torr before switching gases during these experiments. This pressure allows 
complete purging of the line after dosing gases as determined experimentally in our 
laboratory. In most cases, it took about 2 - 3 minutes to purge our gas lines. Purging the 
line after a water dose took about 10 – 12 minutes and control experiments were 
performed in which we were able to determine that there was no appreciable loss of 
adsorbed oxygen on the gold surface during this purging time. For accuracy, we kept the 
same purging time between doses in all our experiments both with and without water. 
The RF generator was switched on only when it was necessary to dose atomic 
oxygen through the nozzle. The beam spot (~3 mm in diameter) was much smaller than 
the sample size to minimize the effects due to other surfaces in the chamber.  When 
necessary, the Au(111) surface was cleaned by argon ion (1 keV, 6 µA) sputtering, 
followed by annealing in UHV (850 K for 10 minutes), a procedure which produces a 
carbon-free surface as verified by AES.  More routine cleaning with atomic oxygen is 
performed after virtually every experiment. Surface crystallinity was verified by LEED. 
Oxygen coverages were estimated from the ratio of the dN(E)/dE peak heights, 
O(503eV)/Au(239eV) AES ratio compared to the O/Pt AES ratio of 0.3 observed for a 
p(2 × 2) oxygen adlayer on Pt(111) which corresponds to 3.9 × 1014 O atoms/cm2.  Using 
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a Au(239eV)/Pt(237eV) AES ratio of 0.95 as a conversion factor,35 a O/Au AES ratio of 
0.3 corresponds to 4.1 × 1014 oxygen atoms cm-2 (0.29 ML).  Here, 1ML of oxygen is 
defined as 1.39 × 1015 atoms/cm2 and refers to a single atomic layer of close-packed gold.  
Water coverages were calculated using a mass balance on experiments in which a 
CO beam impinged on a water and atomic oxygen pre-covered surface and for which 
CO2, H2O, and O2 were all accounted.  For example when H216O was dosed for 6 seconds 
through the nozzle (at a pressure of 1.0 Torr) on a Au(111) surface at 77 K, the area W1 
underneath the subsequent water TPD could be integrated.  The companion experiment 
involved precovering the Au(111) surface with 0.08 ML of 16O followed by an identical 6 
sec H216O dose with the sample at 77 K and a 30 sec C16O dose at 140 K, and the amount 
of CO2 produced was recorded as A1. A subsequent TPD showed that there was no 
atomic oxygen remaining on the surface but a small amount (~25% of the initial 
coverage) of H216O was left on the surface (the area underneath this water TPD is 
referred to as W2).  The same CO oxidation experiment was performed without 
precovering the surface with H216O and the amount of CO2 produced was recorded as A2.  
The quantity (A1-A2) represents the amount of CO2 produced by (W1-W2) amount of 
H216O.  The value of the coverage of water represented by W1-W2 can be determined by 
multiplying the ratio (A1-A2)/A2 by 0.08 ML (the O-atom coverage in both experiments).  
This quantity can then be multiplied by the ratio W1/(W1-W2) to obtain the coverage of 
water corresponding to the TPD area W1 amount of H216O.  This method produced a 
water coverage of 0.08 ML for a 6 sec water exposure (sample temperature of 77 K) with 




DFT CALCULATIONS (all DFT calculations were performed by Dr. Graeme 
Henkelman and Nathan S. Froemming) 
Calculations of the elementary steps of CO oxidation on Au(111) were performed 
at the density functional level of theory (DFT) using the Perdew-Wang-91 generalized 
gradient approximation function.77  The core electrons of each atom were described with 
pseudopotentials within the projector augmented wave framework78 as implemented in 
the VASP code.  Kohn-Sham single-electron wavefunctions were expanded in a plane 
wave basis set up to a cut-off energy of 274 eV, appropriate for the pseudopotentials.  
Spin-polarized calculations were tested on each system, and used when required.  In our 
slab calculations, the Au(111) surface was modeled with 4 layers, in which the bottom 
two layers were frozen in the equilibrium bulk face-centered-cubic (fcc) lattice positions 
with a lattice constant of 4.173 Å, and the top two layers were relaxed. A vacuum gap of 
10 Å was used to separate the periodic slabs. Convergence with respect to the number of 
layers in the slab, k-point sampling, and the energy cut-off for the plane wave basis set 
were all checked and found to be sufficient. Coverage dependence was tested by 
comparing a p(2x2) slab with 4 atoms per layer, and a larger p(3x3) slab with 9 atoms per 
layer.  A Monkhorst-Pack grid79 of 8×8×1 for the p(2x2) and 4×4×1 for the p(3x3) slab 
was used to sample the Brillouin zone.  Energy barriers and saddle points were calculated 





Oxygen and water interaction on Au(111) 
 
Figure 2.1 displays TPD spectra of water [H218O and D216O] from the Au(111) 
surface.  Figure 2.1 (a) shows 0.53 ML of water [H218O, m/e=20 and H216O, m/e=18] 
desorbing from the clean Au(111) surface with a desorption peak temperature near 155 K. 
Water exhibits zero-order desorption kinetics from the Au(111) surface, and sub-
monolayer and multilayer water cannot be clearly distinguished from each other.84 The 
water desorption spectra from the clean Au(111) surface shown in Figure 2.1 (a) are 
similar to spectra previously reported by Kay et al.84  Figure 2.1 (b) shows TPD spectra 
after exposure of 0.53 ML of H218O to Au(111) pre-covered by 0.18 ML of 16O at 77 K.  
A new feature appears, at a higher temperature (near 175 K) than for the clean Au(111) 
surface and there is a visible decrease in intensity in the lower temperature peak.  The 
corresponding oxygen TPD from the surface (not shown) shows mixing of the oxygen 
isotopes and will be discussed in detail later.  Similar experiments to those in Figures 
2.1(a) and (b) were performed using deuterated water (D216O) and labeled oxygen (
18O) 
adatoms.  As shown in Figures 2.1(c) and (d), the D216O/
18O results show the same 
general trends as the earlier results obtained using the H2
18O/16O combination.  We 
observed the formation of features at comparable temperatures for m/e=22 in Figure 
2.1(d) and there is a hint of this shown in Figure 2.1(b) but the m/e=18 signal is much 
noisier.  These features are D218O (m/e=22) which was formed as a result of oxygen 
exchange in the 18O/D216O system and H216O in the 16O/H218O system. The m/e=22 
feature is obviously not observed in Figure 2.1(c) in which there was no adsorbed 18O on 
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the surface prior to adding D216O.  Again, the corresponding oxygen TPD for Figure 2.1 
(d) shows oxygen exchange and this will be discussed in detail immediately below. 
In order to solely populate the higher temperature (175 K) water desorption peak 
feature, a smaller exposure (0.08 ML) of D216O was added to Au(111) pre-covered by 
0.18 ML of oxygen of 18O at 77 K as shown in figure 2.2.  Interestingly, there is no water 
desorption from the lower temperature peak feature (155 K) in Figure 2.2 (a) which 
suggests that all adsorbed water molecules are interacting strongly with adsorbed atomic 
oxygen.  The corresponding oxygen TPD is shown in Figure 2.2 (b) and will be discussed 
in detail later. Similar observations to those reported in Figure 2.2 were seen with the 
H218O/16O system at comparable coverages.  Figure 2.3 shows the oxygen TPD spectra 
from our Au(111) surface populated with (a) 0.37 ML of 16O and (b) 0.53 ML of 
isotopically labeled water (H218O) co-adsorbed with 0.37 ML of 16O. With the oxygen 
atom pre-coverage alone, only 16O2 oxygen (m/e=32) desorbs from the surface. However, 
when 0.53 ML of H218O was added to the 16O covered Au(111) surface, 16O18O (m/e=34) 
and 18O2 (m/e=36) both desorb from the surface in addition to mass 32. The only possible 
source of 18O is the isotopically labeled water, H218O.  We again pre-covered the surface 
with 0.37 ML 18O followed by TPD as shown in Figure 2.3(c). As expected, the dominant 
desorption feature is 18O2 (m/e=36) with a small amount of 16O18O (m/e=34). This mass 
34 is due to some oxygen exchange in our alumina (Al2O3) nozzle and it will be properly 
accounted for when quantitatively discussing oxygen scrambling on 18O covered surfaces.  
On adding 0.53 ML D216O to a Au(111) surface pre-covered with 0.37 ML 18O as shown 
in Figure 2.1d, masses 36, 34 and 32 were all produced.   TPD spectra (not shown) for 
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higher oxygen coverages [as high as 1.3 ML] do not show any additional water 
desorption features. 
Mass balance calculations were done to account for all the adsorbed water and 
oxygen.  In the case of water, the area underneath the TPD spectra in each of the above 
[Figures 2.1-2.3] were compared with the area underneath the water TPD spectra from 
clean Au(111) for similar coverages.  Similar mass balance calculations were done for 
oxygen by comparing the oxygen TPD spectra from a surface to which water was not 
added with the sum of the TPD areas of all oxygen-containing species (masses 32, 34 and 
36) for surfaces with co-adsorbed water and oxygen.  We obtained agreement within 10% 
for all the water-oxygen experiments reported in this work. 
Our DFT calculations show that a single H2O molecule binds to the clean 
Au(111) surface with a binding energy of 0.15 eV and that it is highly mobile (thus, the 
activation barrier for surface diffusion must be less than 0.15 eV), so that it can readily 
find stronger binding sites if they exist (e.g., on the O covered surface).  On an oxygen 
pre-covered surface, H2O forms a hydrogen-bond with the adsorbed oxygen adatom with 
an energy of 0.29 eV as shown in Figure 2.4 (A).  From this initial state, the adsorbed 
atomic oxygen abstracts a hydrogen atom from the H2O to form two hydroxyl groups on 
the surface.  Figure 2.4 shows the mechanism of this reaction with a barrier of 0.11 eV 
(45 K activation temperature).  The final state of this reaction is only 0.05 eV higher in 
energy than the initial state, so that hydroxyl formation will be very rapid and reversible 
between nearby H2O and O atoms on the surface.  Figure 2.5 shows the results of our 
computations regarding the mechanism and barrier for surface diffusion of hydroxyls on 




CO oxidation by co-adsorbed water and atomic oxygen on Au(111) 
We have recently studied and reported preliminary results from an investigation 
of low temperature CO oxidation on Au(111) with co-adsorbed water.21 This expansion 
of our studies of low temperature CO oxidation21,22,41 by including water as a surface 
coadsorbate was inspired by results in which moisture enhanced low temperature CO 
oxidation on metal oxide supported gold nanoclusters.15,16 
Figure 2.6 demonstrates how CO reacts with oxygen originating from adsorbed 
water on Au(111) at 77 K.  In Figure 2.6 (a), a beam of CO is impinged between 10 and 
20 sec on a surface pre-covered by 0.11 ML of 16O and, as expected, only mass 44 
C16O16O is observed during the CO impingement.  In Figure 2.6 (b), the CO beam is 
impinged on Au(111) covered only by 0.11 ML of isotopically labeled H218O. Without 
preadsorbed oxygen, CO does not interact with the adsorbed water to form carbon 
dioxide. In Figure 2.6 (c), 0.11 ML of H218O is dosed on a 0.11 ML precoverage of 16O 
on Au(111), followed by impingement of the CO beam.  In this case, in addition to mass 
44 16O C16O, which is created from CO reacting with 16O on the surface, a small amount 
(26% of the total CO2 produced) of mass 46 16OC18O is observed, indicating that oxygen 
(in this case, 18O) originating from water is directly involved in CO oxidation (no mass 
48 18OC18O is observed).  A notable feature of these QMS spectra is that the CO2 signal 
decays quickly (within 2-3 sec), although the CO beam continues to strike the surface for 
10 sec. Based on TPD measurements following these experiments, a considerable amount 
of surface oxygen remains on the surface, as well as CO. This rapid decay of CO2 
production is due to unreacted CO covering the surface, which limits further reaction at 
77 K. Figures 2.6 (d) to (f) display similar results for CO oxidation with D2
16O and 18O.  
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As expected, only mass 46 18OC16O is produced on the surface populated with only 18O 
prior to the CO dose [Figure 2.6 (d)] while there was no CO2 produced from the surface 
populated with only D2
16O prior to the CO dose [Figure 2.6 (e)].  Figure 2.6 (f) shows 
that in addition to mass 46 18OC16O, mass 44 16OC16O is produced from the surface pre-
covered with both 18O and D2
16O prior to the CO dose, indicating that adsorbed D2
16O or 
fragments of this molecule supplied oxygen (16O) to oxidize CO to CO2. 
Figure 2.7 shows CO2 evolution from gas phase CO impinging on a Au(111) 
surface with co-adsorbed oxygen (16O) and water (H218O)at a temperature of 77 K with 
various oxygen coverages. Again, the CO beam was impinged on the sample between 10 
and 20 sec in these experiments. Oxygen coverages were (a) 0.08 ML, (b) 0.18 ML, (c) 
0.37 ML, and (d) 0.50 ML, with 0.08 ML of water in all cases. As seen in Figure 2.7, 
both mass 44 and mass 46 CO2 were produced from impinging CO on the surface. On the 
right, in the bar chart, the amount of CO2 produced is shown beside the corresponding 
CO2 QMS signal. The ratio of mass 46/44 CO2 produced are shown as labels on the bar 
charts for each experiment. Initially, as the 16O coverage increases, the mass 44 CO2 
production increases, as more oxygen becomes available on the surface.  However, as the 
oxygen coverage reaches higher values (higher than 0.18 ML in this case), the mass 44 
CO2 production decreases with increasing oxygen coverage. The mass 46 CO2 production 
demonstrates similar behavior where the CO2 production peaks (at 0.18 ML oxygen 
coverage) and decreases as the amount of preadsorbed oxygen increases. With 0.50 ML 
of preadsorbed oxygen, very little mass 46 CO2 is produced. With increasing oxygen pre-
coverage, the ratio of mass 46/44 CO2 decreases until it reaches 0.12 for 0.50 ML of 
oxygen pre-coverage. We initially attributed the trend in CO2 production to site blocking 
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as the oxygen coverage increases limiting the availability of open adsorption sites on the 
surface for water and CO adsorption.  In order to test our site blocking hypothesis, we 
measured the initial adsorption probability of CO on identical surfaces to the ones used 
for the experiments shown in Figure 2.7.  Figure 2.8 (a) shows a plot of the initial CO 
adsorption probability as a function of varying oxygen coverages while keeping the water 
coverage (0.08 ML of H218O) the same.  The initial adsorption probability of CO 
increases with oxygen coverage at low coverages, peaks at 0.50 ML, and then decreases 
with further increases in coverage.  In Figure 2.8 (b), 0.37 ML 16O was used in all cases 
while varying the H218O coverages.  The CO adsorption probability again increases with 
H218O coverage, peaks at 0.13 ML H218O coverage and subsequently decreases.  Points 1, 
2 and 3 in Figure 2.8 show a comparison of CO adsorption on clean Au(111), oxygen-
covered Au(111) (0.18 ML of 16O) without water, and a surface covered with both 
oxygen (0.18 ML) and water (0.08 ML).  We observed that the initial sticking probability 
was greatly enhanced compared to the clean surface by precovering the surface with 
solely oxygen (74% increase) and even more so by precovering with both oxygen and 
water (94% increase) in the low coverage regime.  It appears from the initial adsorption 
probability measurement that the observed CO oxidation trends reported in Figure 2.7 are 
not due to site blocking.  A possible explanation for the change in reactivity at higher 
oxygen coverages is the formation of 3-D oxygen clusters as earlier reported by Min et 
al.32  Additionally, we have measured reductions in the reactivity of oxygen overlayers on 
Au(111) after annealing.85 
 In order to further explore the direct involvement of water in CO2 production, we 
compared the total amount of CO2 produced from a solely oxygen covered Au(111) 
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surface with that of a Au(111) surface covered with both atomic oxygen and water.  
These experiments (shown in Figure 2.9) were performed at 140 K to prevent 
accumulation of adsorbed CO.  This temperature is well below the maximum desorption 
peak temperature (175 K) for water on oxygen covered Au(111), but above the 
desorption peak temperature (108 K) for CO. This kept the surface coverage of CO very 
low by reducing the residence time of CO on the surface.  Although not shown here, we 
note that adsorbed water alone will not oxidize CO at 140 K just as we noted for a surface 
temperature of 77 K as shown in Figure 2.6 (b). 
In Figure 2.9 (a), a CO beam is impinged on 0.11 ML of 16O at 140 K.  The area 
underneath the curve between 10 and 40 seconds represents the amount of mass 44 CO2 
produced, as shown in the inset.  As expected, no mass 46 CO2 is detected in this case.  In 
Figure 2.9 (b), both masses 44 CO2 and 46 CO2 were produced when a CO beam was 
impinged on the surface covered by 0.11 ML of 16O and 0.14 ML of H218O.  The inset 
shows the total amount of CO2 produced for each case in a bar chart, with the red bar 
representing mass 44 CO2 and the blue bar representing mass 46 CO2. Much more CO2 
[91% more in Figure 2.9(b) than in Figure 2.9 (a)] is produced when water is added to the 
oxygen layer on the surface prior to CO impingement.  TPD experiments (not shown) 
following the experiment in Figure 2.9 (b) showed that ~ 0.04 ML of the initially 
adsorbed H218O is left unreacted on the surface.  Similar results are obtained with the 
Au(111) surface pre-covered by 0.11 ML of 18O and 0.14 ML of D216O as shown in 




Isotope effects on water-oxygen interactions and water enhanced CO oxidation 
 We investigated isotope effects in water-oxygen interactions by using atomic 
oxygen (18O) with both water (H2
16O) and deuterated water (D2
16O).  Figure 2.10 (a) 
shows water TPD spectra from a 0.18 ML 18O pre-covered Au(111) surface to which a 
0.27 ML of H2
16O was added at 77 K while Figure 2.10 (c) shows the corresponding 
oxygen TPD spectra from this surface.  Both H2
16O (m/e=18) and H2
18O (m/e=20) are 
produced as seen in Figure 2.10 (a).  0.18 ML 18O was again dosed on Au(111) at 77 K 
followed by the addition of 0.27 ML D2
16O with subsequent TPD producing both D2
16O 
(m/e=20) and D2
18O (m/e=22) as shown in Figure 2.10 (b).  Figure 2.10 (d) shows the 
corresponding oxygen TPD spectra for this 18O/D2
16O case.  In order to make a 
comparison between H2
16O and D2
16O, we used water coverages that were within 6% of 
each other as determined by TPD and the oxygen dose experiments were in agreement to 
within 1%.  Quantitative analysis of the TPD data in Figure 2.10 shows that H2
18O 
(m/e=20) accounted for 36% of the total amount of water produced in the 18O/H2
16O case 
compared to only 6% D2
18O (m/e=22) in the 18O/D2
16O case.  Another measure of this 
isotope effect is the relative amount of unscrambled 18O2 (m/e = 36) compared to the total 
amount of molecular oxygen on the surface during the water-oxygen interaction.  The 
18O/H2
16O case had 16% unscrambled mass 36, with most of the initial 18O ending up in 
H2
18O.  However, in the 18O/D2
16O case, 31% unscrambled mass 36 was produced as 




To investigate isotope effects in CO oxidation, three complementary CO 
oxidation experiments were performed. The first experiment is a precoverage of 0.08 ML 
16O on Au(111) at 77 K (without any pre-adsorbed water) followed by CO impingement 
for 30 seconds, the second experiment involved the addition of 0.08 ML of H2
16O to a 
0.08 ML 16O covered surface at 77 K followed by CO impingement for 30 seconds at 140 
K and, the third in which 0.08 ML of D216O was added to a 0.08 ML 
16O covered surface 
at 77 K prior to a 30 second CO dose at 140 K as shown in Figure 2.11.  We determined 
the amount of CO2 produced in each case by integrating the area underneath the 
corresponding CO2 QMS signal and observed that the surface with co-adsorbed H2
16O 
produced 24% more CO2 than the surface with co-adsorbed D216O.  Additionally, 
subsequent water TPD spectra showed that 75% of the adsorbed H2
16O reacted on the 
surface while only 38% reacted in the case of D216O.  This could be anticipated since the 
experiments shown earlier in Figure 2.10 showed that less D216O (compared to H216O) 
reacts with the adsorbed oxygen overlayer, thus making fewer adsorbed hydroxyl groups 
with which impinging CO can react.  Comparing both cases in which water was added, 
we see more CO2 produced than the surface without water.  Figure 2.11 shows that 70% 
more CO2 (compared with the surface without water added) is produced when H216O is 
added and 27% more CO2 (compared with the surface without water added) is produced 




In the previous section, we presented experimental results pertaining to water strongly 
reacting with adsorbed atomic oxygen to produce OH groups as well as water (or OH) 
directly reacting with CO to produce CO2 on the Au(111) surface.  We observed an 
upward shift in the water desorption temperature and oxygen scrambling when atomic 
oxygen and water were co-adsorbed on the surface.  The direct involvement of water was 
observed in CO oxidation by the production of 16OC18O (in addition to 16OC16O) during 
CO impingement on a surface covered by both H218O and 16O.  We therefore present the 
following to further elucidate the foregoing results: 
1. Water interacts with adsorbed atomic oxygen to form either hydroxyls or a 
water-oxygen complex and water-oxygen interactions produce oxygen exchange 
between water and adsorbed oxygen. 
 
The formation of stable H2O-O complexes on the surface results in an upward 
shift in the water desorption peak temperature [Figure 2.1 (b)] compared to water 
desorption from the pristine single crystal metal surface [Figure 2.1 (a)]. As alluded to 
previously, for the Au(111) surface, the metal-water interaction is comparable to the 
water-water interaction and there is no distinct monolayer water TPD feature.84 In 
contrast, with the oxygen pre-covered surface, one can imagine water forming hydrogen 
bonds with the oxygen adlayer and binding more strongly than on the clean Au(111) 
surface.  This observation was supported by results from our DFT calculations in which 
hydroxyl formation is favorable even at 45 K due to the low activation energy  (0.11 eV), 
as seen in Figure 2.4.  This higher desorption temperature feature was also observed by 
Lazaga et al.,25 on the oxygen pre-covered Au(111) surface and it was attributed to 
oxygen stabilized water or recombination and disproportionation of OH groups.  They 
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proposed that during the TPD of this surface, the H2O-O complex decomposes to evolve 
water, thereby leaving the original oxygen atom on the surface.25 
The absence of the lower temperature feature (near 155 K) with 0.08 ML D216O 
coverage in addition to 0.18 ML 18O coverage as shown in Figure 2.2 (a) indicates that all 
adsorbed water molecules are interacting with adsorbed atomic oxygen.  Similar 
observations (not shown) were seen with the H218O/16O system at similar coverages.  We 
propose here that all the water molecules readily formed hydroxyls on interacting with 
the oxygen overlayer on the Au(111) surface.  However, we observed H216O [m/e=18 in 
Figure 2.1 (b) from co-adsorbed 16O and H218O] and D218O [m/e=22 in Figure 2.1 (d) 
from co-adsorbed 18O and D216O] both from the low temperature water desorption peak 
(155 K) an observation that might be explained, as mentioned earlier, by the rapid 
diffusion of OH groups above 75 K as determined by our DFT calculations (Figure 2.5). 
A strong water-oxygen interaction resulting in oxygen scrambling between water 
and adsorbed oxygen atoms is shown in Figures 2.3 (a) and (b).  We attribute this to OH 
recombination after oxygen had activated water or perhaps abstracted hydrogen from 
water to create OH groups.  Upon heating, OH groups recombine to form water, leaving 
an oxygen atom on the surface. In the process, oxygen scrambling occurs just as on many 
other metal surfaces.  We note that with only water on Au(111) (i.e., no preadsorbed 
oxygen), there was no indication of water dissociation or recombinative oxygen 
desorption near 535 K.  This molecular adsorption of water without dissociation on clean 
Au(111) has also been previously reported in XPS and TPD experiments.25  Outka and 
co-workers also observed isotope mixing when they coadsorbed 18O and H216O on 
Au(110) during TPD measurements35 and also ascribed this oxygen scrambling to either 
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decomposition of oxygen-stabilized water or disproportionation of surface hydroxyls. 
They suggest that the Brønsted base character of oxygen adatoms is sufficient to abstract 
an acidic hydrogen atom from the adsorbed water molecule on the group 1B metals.35 
The presence of 16O18O in all the oxygen TPD spectra following water and 
oxygen (16O/H218O and 18O/D216O) exposures on Au(111) surface clearly demonstrates 
that the water is reacting with the oxygen overlayer.  In this surface reaction, oxygen 
atoms in the original pre-coverage preparation get scrambled with oxygen atoms that 
originate in water ending up as surface atoms on Au(111) and vice-versa, and 
subsequently desorbing to produce 16O18O.  Corresponding DFT calculations indicate that 
there is rapid diffusion of hydroxyls at temperatures as low as 75 K (Figure 2.5), which 
helps explain the facile oxygen exchange between water and adsorbed oxygen atoms 
observed in both water desorption peaks and in the oxygen desorption. 
2. Water directly enhances CO oxidation on the oxygen pre-covered Au(111) 
surface to produce more CO2 than without water: 
 
As stated in the results section, our experiments involving CO oxidation on an atomic 
oxygen (16O) and water (H218O) co-adsorbed Au(111) surface produced both C16O2 and 
18OC16O [the same for the case of 18O/D216O] as seen in Figure 2.6.  We propose that this 
is due to CO reacting with either activated water or hydroxyls on the surface.  Although 
we cannot confirm the exact nature of the activated water on the surface, we note that 
formation of hydroxyl groups by adding water to an oxygen overlayer on a transition 
metal surface at low temperature is not uncommon.  Sueyoshi et al. have shown with 
HREELS on Cu(100), oxygen atoms can abstract hydrogen from water to form hydroxyls 
at temperatures as low as 100 K86 and similar reactions may take place on Au(111).  We 
also noted that by impinging CO directly on a Au(111) surface covered with only water, 
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there was no CO2 produced further supporting the notion that water does not dissociate 
on clean Au(111).25 
To further investigate water-enhanced CO oxidation, we carried out DFT calculations 
on reactions involving CO, O, and H2O on the Au(111) surface.  We find that there are 
three distinct possible reaction pathways resulting in the formation of CO2.  The CO 
oxidation mechanism is similar for each pathway, but they differ in regards to if and 
when a hydrogen atom is abstracted from the H2O molecule by the adsorbed O atom as it 
oxidizes CO. 
In reaction pathway I, adsorbed oxygen adatoms are hydrogen-bonded to H2O (a 
spectator molecule) as they react with CO.  The mechanism of this reaction, which has a 
barrier of 0.33 eV is depicted in Figure 2.12.  This process is very similar to the oxidation 
of CO by an O adatom which has a somewhat lower barrier of 0.25 eV.  With H2O 
present, the initial state is stabilized, and the reaction barrier is increased.  This pathway 
is consistent with the prompt but slower [than without adsorbed water] reaction of water 
and oxygen with CO at temperatures as low as 77 K  However, this pathway does not 
allow for more CO2 to be produced as is observed experimentally. 
In reaction pathway II we allow adsorbed OH to be formed prior to CO oxidation 
[pathway II is different than pathway I in which there was no OH formation].  From the 
calculation graphically displayed in Figure 2.4, we know that adsorbed H2O will react 
with a chemisorbed O atom, donating a hydrogen atom to form two adsorbed hydroxyl 
groups.  The barrier for this reaction is low (0.11 eV) so that when H2O is deposited on 
an oxygen pre-covered surface, adsorbed OH species are expected to form [which is 
consistent with our experimental observations].  Once surface OH groups are formed, 
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they can subsequently react with CO as shown in Figure 2.13.  Formation of an OCOH 
intermediate occurs spontaneously when CO and isolated OH meet.  The OCOH 
molecule is firmly bound to the surface with an energy of 1.84 eV.  In order for CO2 to 
form, the H atom must be transferred to the surface or to another molecule on the surface.  
We considered the following two possibilities: 
 
1. The OCOH molecule undergoes a cis-trans isomerism [Figure 2.14 (A-C)] 
and then the hydrogen atom is abstracted by the gold surface [Figure 2.14 (D-
F)].  Both processes have high barriers (0.44 eV and 0.93 eV respectively). 
2 A second possibility is that the OCOH molecule transfers the hydrogen to 
an existing molecule on the surface.  We considered a hydroxyl acceptor as 
shown in Figure 2.15.  The OH molecule near the OCOH is shown in Figure 
2.15 (A).  The hydrogen transfer to OH, Figure 2.15 (B), has a much lower 
barrier (0.28 eV) than hydrogen transfer to the surface (0.93 eV) because the 
transfer distance is reduced and the products (H2O and CO2) are lower in energy 
[Figure 2.15 (C)]. 
Pathway III starts the same way as pathway II, with hydrogen transfer between a H2O 
molecule and an oxygen adatom.  The resulting two OH adspecies are held together by a 
hydrogen bond, so they are unlikely to diffuse away from each other at low temperature.  
Then, if a CO molecule diffuses to one of the OH molecules, a concerted hydrogen-
transfer CO-oxidation reaction occurs as seen in Figure 2.16.  The barrier for the reaction, 
0.11 eV, is actually due to CO diffusion.  As CO meets one of the OH adspecies, a long 
OCOHOH intermediate geometry is formed [Figure 2.16(C)].  Here, the middle OH 
dissociates to simultaneously form H2O and CO2.  Another way of describing this 
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reaction is that CO oxidation with OH takes place to form CO2 as the hydrogen from the 
OH transfers to a neighboring OH to form H2O.  However, this pathway cannot 
exclusively account for all the chemistry taking place on the surface since this 
mechanism is inconsistent with more CO2 being produced with the addition of water as is 
observed experimentally. 
The energy landscape for the above three pathways is shown in Figure 2.17.  Each 
process has the same initial state, with O, H2O and CO adsorbed on Au(111) in that order.  
The zero of energy is a clean surface and CO, ½O2, and H2O in the gas phase.  In both 
pathways I and II, the molecules get trapped in intermediate minima from which barriers 
of 0.33 eV and 0.28eV respectively, must be overcome to form CO2.  In pathway III, no 
such low-energy intermediate is formed and the overall CO oxidation reaction has a 
barrier of 0.11 eV and can occur at temperatures as low as 45 K.  This is consistent with 
our experimental observation in which CO oxidation in the presence of water readily 
occurs at Ts=77 K.  It is also worthwhile to state here that our observed experimental 
results are likely occurring due to a combination of two or more of the above reaction 
pathways described by DFT calculations. 
It may be useful to compare the chemistry reported here with the water-gas-shift 
reaction (WGS).  The WGS is a reversible, exothermic reaction of carbon monoxide and 
water.  Two possible mechanisms have been proposed for this reaction.87  The first 
mechanism is the associative mechanism,88-90 with the following reaction steps: 
COgas → COads   (1) 
H2Ogas → H2Oads   (2) 
H2Oads → OHads + Hads  (3) 
COads + OHads → HCOOads  (4) 
HCOOads → CO2,gas + Hads  (5) 
2Hads → H2,gas    (6) 
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The process indicates that the hydroxyl group from water dissociation combines with CO 
to form a formate intermediate, which then decomposes into CO2 and hydrogen. Formate 
dissociation is regarded as the rate-determining step in the associative mechanism of the 
water-gas shift reaction.  The second mechanism is the redox mechanism91,92 in which 
CO directly reacts with adsorbed oxygen to form CO2  following the complete 
dissociation of water into atomic oxygen and molecular hydrogen as follows:  
COgas → COads   (1) 
H2Ogas → H2Oads   (2) 
H2Oads → H2,gas + Oads  (3) 
COads + Oads → COads   (4) 
HOCOads → CO2,gas   (5) 
 
A recent study93 has reported the high performance of TiO2-x/Au(111) and CeO2-
x/Au(111) catalysts in the water-gas shift (WGS) reaction.  This study claims that 
although clean Au(111) is not catalytically active for the WGS, Au(111) surfaces that are 
20 to 30% covered by ceria or titania nanoparticles have activities comparable to those of 
good WGS catalysts such as Cu(111) or Cu(100).93  The reaction is said to occur by 
water dissociating on O vacancies of the oxide nanoparticles while CO adsorbs on Au 
sites located nearby, and subsequent reaction steps take place at the metal-oxide 
interface.93  The following was proposed93 as the reaction mechanism based on DFT 
calculations: 
COgas → COads   (1) 
H2Ogas → H2Oads   (2) 
H2Oads → OHads + Hads  (3) 
COads + OHads → HOCOads  (4) 
HOCOads → CO2,gas + Hads  (5) 




Erdohelyi and co-workers’ infrared spectroscopy study of the reaction of CO with 
water over catalysts composed of iridium supported on oxides (MgO, Al2O3, SiO2 and 
TiO2) revealed that formate, in agreement with the associative mechanism above is the 
reaction intermediate.94  Formate ions were observed as new IR bands at 1590cm-1 and 
1380 cm-1 (at 473 K) and were assigned to the asymmetric and symmetric O-C-O 
stretching vibrations of the absorbed formate ion.94  A recent density functional theory 
calculation of CO reaction with water on Pt2Mo(111) showed that water dissociation into 
Had and OHad was followed by CO reaction with the hydroxyl to form COOH which later 
decomposes to CO2 and Had in the forward reaction or CO and OHad in the reverse 
reaction.95  The associative mechanism with a COOH intermediate is a plausible reaction 
on Au(111) as well with the only difference being reaction step 2 where atomic oxygen 
abstracts a hydrogen from water to form surface hydroxyls.  The redox mechanism is 
very unlikely on Au(111) because it is not known to completely dissociate water to 
hydrogen and oxygen.66 
The reaction of CO and OH to form CO2 is widely studied in gas phase chemistry, 
due to the pivotal role of OH radicals in atmospheric chemistry.96,97  Many other 
investigations of CO and OH reactions on metal surfaces are motivated by 
electrochemistry.98-100 One relevant study regarding the reaction of adsorbed CO and OH 
on Pt(111) under UHV conditions performed by Bergeld et al.98 showed that water can 
promote CO oxidation on oxygen covered Pt(111). They observed that a new CO2 
desorption feature near 200 K appears when water is co adsorbed prior to temperature 
programmed reaction of a Pt(111) surface populated with CO and atomic oxygen. This 
new peak occurs at a much lower temperature than does the CO2 desorption peak (~300 
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K) for a typical surface reaction between CO and oxygen adatoms on Pt(111), and it has 
been attributed to CO reacting with OH groups on the surface. A similar reaction may 
occur on Au(111), in which hydroxyls are formed from water splitting and reacting with 
CO to form CO2 at 77 K.  Related calculations performed by Gong et al. demonstrated 
that on Pt(111), CO2 formation is likely to follow a mechanism in which CO first reacts 
with OH to form surface COOH, followed by this COOH reacting with OH to form CO2 
and H2O.101 
Our observation that much more CO2 is produced when water is added to the 
oxygen layer on the surface (Figure 2.9 insets) is similar to what Bergeld et al. observed 
on Pt(111),where they demonstrated the promotional effect of water on CO oxidation.98 
Based on our TPD measurements after CO impingement at 140 K (not shown here), no 
detectable amount of oxygen remained on the surface.  However, a small amount (~ 0.04 
ML of the initial H218O) was observed during the reaction. CO oxidation on a surface 
covered with 18O and D216O showed similar observations [Figures 2.9 (c) and (d)] and 
again we speculate that activated water or OD from D216O is responsible for CO 
oxidation.  We might expect a difference in the rate of CO2 production due to a kinetic 
isotope effect on CO oxidation as a result of the OH versus OD bond, and this is 
discussed later in this paper.  As mentioned earlier, the total amount of CO2 produced 
when water is added to the oxygen pre-covered surface increases.  This is a clear 
indication that water contributes some additional oxygen for CO oxidation and that water 
does not simply exchange oxygen atoms with adsorbed oxygen on the surface.  A simple 
oxygen exchange would result in the same CO2 production on both surfaces (i.e. with and 
without water) since there would be the same amount of adsorbed oxygen atoms. 
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It is also possible to argue that this additional CO2 is produced from additional 
oxygen atoms created by complete dissociation of water on the oxygen covered surface. 
In this case, water may lose a hydrogen atom to a nearby oxygen atom and the resulting 
OH groups further dissociate on the surface to leave oxygen atoms on the surface. 
However, it is well known that on metals that do not dissociate water on their clean 
surfaces [and this group includes the Au(111) surface], OH dissociation is not favored 
over two OH groups recombining to form one water leaving an oxygen atom on the 
surface.66  Consequently we rule out the likelihood of additional oxygen on the surface 
due to complete dissociation of water as being responsible for the additional CO2 
produced on the surface. This is consistent with our DFT calculations showing that the 
dissociation of OH on Au(111) is endothermic by 1.33 eV, and hence not activated below 
room temperature.  However, in our attempts to account for all the adsorbed species, we 
did not detect molecular hydrogen or hydrogen containing species, such as H2CO, 
HCOOH, during CO impingement reaction or subsequent TPD measurements.  A 
residual gas analysis during one of the experiments did not show molecular hydrogen or 
any other hydrogen containing species different from those in the UHV background.  
Previous works15,16,98 have also reported that no molecular hydrogen was detected in 
water assisted CO oxidation reactions.  We speculate that hydrogen atoms released on the 
surface during reaction recombine and desorb at a rate that is undetectable. 
 
3. Differences in reactivity of H216O and D216O with oxygen (18O), and the relative 
CO2 production with H2O and D216O are indicative of kinetic isotope effects. 
 
The observed decrease in oxygen scrambling in the 18O/D216O system compared 
to the 18O/H216O system (Figure 2.10) is likely due to a kinetic isotope effect in water-
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oxygen interactions during the formation of hydroxyls or a water-oxygen complex.  
Formation of H218O will be favored over D218O under identical reaction conditions since 
the O-H bond is weaker than O-D bond due to zero-point energy differences.  There was 
a higher degree of oxygen scrambling when18O and H216O were co-adsorbed on the 
surface with only 16% of the total 18O2 remaining unscrambled compared to 31% 
unscrambled 18O2 when 18O and D216O were co-adsorbed on the surface. 
The fact that CO oxidation on the surface with the 16O/H2O ad-mixture produced 
~24% more CO2 than the one with the 16O/D216O ad-mixture also suggest kinetic isotope 
effects in water-enhanced CO2 production as shown in Figure 2.11.  As mentioned earlier, 
the surface with OH groups produced 70% more CO2 than the surface without any water 
while the surface with OD groups produced only 27% more CO2 than the surface without 
any water added, also shown in Figure 2.11.  However, it is likely that there are fewer 
OD species on the surface than OH species based on the observation that 75% of the 
initial H2O coverage reacted on the 16O/H2O surface while only 38% of the initial D216O 
reacted in the case of the 16O/D216O ad-mixture as seen from water TPD data (not shown) 
following the experiments in Figure 2.11.  Thus, it is difficult to construct a consistent 
experiment with which the CO reactivity of adsorbed OH could be compared with OD. 
Kinetic isotope effects were observed by Wieckowski102 between H2O and D2O in 
HCOOH and CH3OH adsorption and oxidation on platinum electrodes in a sulfuric acid 
electrolyte.  This study attributed the observed kinetic isotope effects in the oxidation of 
methanol and formic acid to adsorbed water (H2
16O and D2
16O) molecules being the 
direct source of oxygen-containing species involved in the oxidation of methanol.102  
Based on transition state theory, the observation of a kinetic isotope effect in a reaction is 
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suggestive that the isotopic specie is directly involved in the rate determining step.103  
Our current results provide strong evidence that water interacts with adsorbed oxygen to 




Previous studies have proposed that although water promotes CO oxidation, it is 
not directly involved in the reaction.  However, we have presented unambiguous 
experimental evidence supported by DFT results that water promotes CO oxidation on 
Au(111) by directly reacting with adsorbed oxygen adatoms to form OH groups followed 
by OH reacting with CO to form CO2. 
The initial step in this reaction is the interaction of water with oxygen atoms 
preadsorbed on Au(111).  We observed that water strongly interacts with oxygen atoms 
leading to the activation of water to form a water-oxygen complex or hydroxyls as 
evidenced by a new TPD feature with its’ peak near 175 K, in addition to the water 
desorption feature at 155K characteristic of water desorption without oxygen pre-
adsorbed on the Au(111) surface.  Supporting evidence from DFT calculations show that 
hydroxyls are readily formed by water on oxygen pre-covered Au(111) due to the small 
activation barrier of 0.11 eV.  Water-oxygen interactions also produce oxygen scrambling 
on the Au(111) surface as evidenced from isotopic mixing in the oxygen evolution in 
TPD measurements.  Here oxygen atoms from adsorbed water exchange with adsorbed 
oxygen adatoms on the Au(111) surface likely due to rapid diffusion of OH groups with 
subsequent reversible reactions between two nearby adsorbed hydroxyl groups to 
adsorbed water and oxygen. 
We noted that labeled oxygen from water, for example H218O, is observed as 
evolving 18OC16O after C16O impingement on a Au(111) surface covered with both 
oxygen and isotopically labeled water suggesting that water is directly involved in the 
oxidation of CO on this surface.  DFT calculations also showed that in the presence of 
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H2O, the barrier for CO oxidation for a select pathway is reduced to 0.11 eV compared to 
0.25 eV for CO oxidation on oxygen pre-covered Au(111) without H2O.  This reduction 
is attributed to a concerted hydrogen transfer from one hydroxyl to another that acts to 
stabilize the transition state for CO oxidation, and promote CO oxidation at temperatures 
as low as 45 K.  However, DFT calculations suggest that more than one reaction pathway 
is involved in the oxidation of CO by Au(111) with co-adsorbed oxygen adatoms and 
water since experimentally we observe that 70-80% of that water is consumed in this 
reaction. 
Finally, kinetic isotope effects were observed in water-oxygen interactions as well 
as in water enhanced CO oxidation with H216O showing higher reactivity in both cases 
than D216O.  Based on all these results, we propose that OH or OD groups formed from 
water interacting with atomic oxygen on Au(111) are responsible for the promotional 
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Figure 2.1: TPD of H2
18O (m/e=20) and H2
16O (m/e=18) from (a) 0.53 ML of H2
18O on 
clean Au(111) surface, (b) 0.53 ML of H2
18O on 0.18 ML of 16O covered Au(111) 
surface, and TPD of D2O (m/e=20) and D2
18O (m/e=22) from (c) 0.53 ML of D2O on 
clean Au(111) surface, (d) 0.53 ML of D2O on 0.18 ML of 18O covered Au(111) surface.  
All isotopically labeled water and oxygen atoms were dosed at 77 K. Heating rate of β = 
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Figure 2.2: TPD of (a) D2
16O (m/e=20) and D2
18O (m/e=22); and (b) oxygen from 0.08 
ML of D2
16O on 0.18 ML of 18O covered surface.  All isotopically labeled water and 
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Figure 2.3: TPD spectra of oxygen from Au(111) after dosing (a) 0.37 ML of 16O, (b) 
0.53 ML of H218O on top of 0.37 ML of 16O, (c) 0.37 ML of 18O, and (d) 0.53 ML of D2O 
on top of 0.37 ML of 18O. All isotopically labeled water and oxygen atoms were dosed at 
77 K. A heating rate of β = 3 K/s was used. 
(a) 16O/Au(111)  
Ts=77 K, β = 3 K/s 
(c) 18O/Au(111)  
Ts=77 K, β = 3 K/s 
(b) 16O + H2




















Figure 2.4: (A) H2O hydrogen bonds to an oxygen atom adsorbed at the fcc site.  From 
this initial state, a hydrogen atom can transfer (B) to the oxygen atom, forming (C) two 
hydroxyl groups bound in adjacent hollow sites.  The low barrier and similar initial and 






Figure 2.5: Hydroxyl diffuses from (A) a fcc site, (B) over a bridging transition state, (C) 
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Figure 2.6: Evolution of CO2 from Au(111) surface, while impinging a continuous CO 
beam (from 10 to 20 sec.) at the surface with (a) 0.11 ML of 16O atoms preadsorbed, (b) 
0.11 ML of H218O preadsorbed, (c) 0.11 ML of H218O in addition to 0.11 ML of 16O 
atoms preadsorbed, (d) 0.11 ML of 18O atoms preadsorbed, (e) 0.11 ML of D2O 
preadsorbed, and (f) 0.11 ML of D2O in addition to 0.11 ML of 18O atoms preadsorbed 
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Figure 2.7: Evolution of CO2 at 77 K while impinging a continuous CO beam (from 10 to 
20 sec.) at four different surfaces following oxygen coverages of (a) 0.08 ML, (b) 0.18 
ML, (c) 0.37 ML, and (d) 0.50 ML (respectively) to which 0.08 ML of H218O is added in 
each case. The bar charts on the right are relative amounts of CO2 produced in each case 
as shown next to the corresponding QMS spectra. The ratio of mass 46/44 produced is 
shown as number labels beside each bar chart.
CO2 
Production 
(a) 0.08 ML H218O/0.08 ML 16O 
(b) 0.08 ML H218O/0.18 ML 16O 
(c) 0.08 ML H218O/0.37 ML 16O 













































Figure 2.8: Initial CO adsorption probability (So) at 77 K using the method of King and 
Wells. 2.0 sec CO pulse was dosed on Au(111) with (a) varying 16O coverages (0.08 ML, 
0.18 ML, 0.37 ML, 0.5 ML, 0.64 ML and 0.84 ML) followed by 0.08 ML H218O dose in 
each case [triangles]; (b) 0.37 ML 16O to which varying H218O coverages (0.08 ML, 0.13 
ML, 0.27 ML and 0.53 ML) were added [solid circles].  Data points labeled 1, 2 and 3 
represent So values measured on clean Au(111)(1), 0.18 ML 16O covered Au(111)(2) and 
0.18 ML 16O with 0.08 ML H218O added prior to CO dose(3). 
(b) varying H2
18O  
dose, Ts= 77 K 
1 
 0.18 ML 16O w/o  
H218O, Ts = 77 K 
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3 
(a) varying 16O  























































Figure 2.9: Evolution of CO2 at 140 K while impinging a continuous CO beam (from 10 
to 40 sec.) at the surface. (a) 0.11 ML of 16O preadsorbed without H2
18O, (b) 0.14 ML 
H2
18O in addition to 0.11 ML of 16O atoms preadsorbed on Au(111) at 77 K, (c) 0.11 ML 
of 18O preadsorbed without D2O, and (d) 0.14 ML D2O in addition to 0.11 ML of 18O 
atoms preadsorbed at 77 K. The area underneath the plots between 10 and 40 seconds 









































Figure 2.10: (a) TPD of H2
16O (m/e=18) and H2
18O (m/e=20) from 0.27 ML of H2
16O on 
0.18 ML of 18O covered Au(111) surface. (b) TPD of D2
16O (m/e=20) and D2
18O 
(m/e=22) from 0.27 ML of D2
16O on 0.18 ML of 18O covered Au(111) surface. (c) and 
(d) are the corresponding oxygen TPD spectra from (a) and (b) respectively. All 
isotopically labeled water and oxygen atoms were dosed at 77 K. Heating rate of β = 1 











(c) O2 TPD for (a) 
β = 3K/s 
(a) 18O + H216O 
Ts=77 K, β = 1 K/s 
(b) 18O + D216O 
Ts=77 K, 
β = 1 K/s 
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Figure 2.11: Mass 44 CO2 evolution at 140 K while impinging a continuous CO beam 
(from 10 to 40 sec.) on a Au(111) with (a) 0.08 ML of 16O atoms preadsorbed at 77 K 
without H216O (b) 0.08 ML H216O added in addition to 0.08 ML of 16O, and (c) 0.08 ML 
D216O added in addition to 0.08 ML of 16O. The bar charts on the right are relative 







Figure 2.12: H2O acting as a spectator in the CO oxidation reaction (A-C). The barrier of 






Figure 2.13: Formation of carboxylate (OCOH) from the reaction of CO with OH.  The 






Figure 2.14: When carboxylate (OCOH) forms from the reaction of CO with OH, the 
hydrogen is positioned away from the surface (A). In order to form CO2, the molecule 
must first undergo a conformational change (B-C), with a barrier of 0.44eV, so that the 
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hydrogen atom can then transfer to the surface (D-F). The hydrogen transfer process 







Figure 2.15: Hydrogen transfer from OCOH to OH (A), over a barrier of 0.28 eV (B), to 





Figure 2.16: (A) Initial state configuration (after H2O dissociation) with two OH groups 
bound to the surface. (B) The transition state of the reaction is due to the 0.11 eV 
diffusion barrier of CO. (C) Intermediate configuration in which the hydrogen in one 
hydroxyl is spontaneously transferred to the other hydroxyl to form H2O and CO2. (D) 








Figure 2.17: Energy landscape for three reaction mechanisms of CO oxidation in the 
presence of H2O. In pathway I (red), there is no hydrogen transfer from H2O.  In pathway 
II (orange), hydrogen transfer occurs before CO oxidation. In pathway III (blue), 
hydrogen transfer occurs concertedly with CO oxidation, leading to the lowest overall 






Chapter 3: Carbonate Formation and Decomposition on Atomic 
Oxygen Pre-covered Au(111) 
 
INTRODUCTION 
The carbonate formation and decomposition (CO3 ↔ CO2 + Oa) reaction on gold is 
important from the point of view of low-temperature CO oxidation. Carbonate formation 
has been proposed as a possible reaction intermediate in CO oxidation in several 
investigations of supported and unsupported gold clusters.1-4 Therefore, an understanding 
of this reaction on Au(111) may provide additional insight. Carbonate formation and 
decomposition went undetected in previous studies on Au(110)5 and Au(111)6.  However, a 
surface carbonate was readily formed when oxygen pre-covered Ag(110) was exposed to 
CO2 at 300 K.7-10 This surface carbonate decomposes to produce CO2 at 485 K and the 
remaining oxygen atoms recombinatively desorbed at 590 K.7-10 Due to its’ similarity with 
silver we would anticipate equally facile carbonate formation and decomposition reactions 
on gold. Similar reactions have also been reported on other surfaces.11-13 
Here we present experimental evidence with supporting density functional theory 
calculations (all DFT calculations were performed by Dr. Graeme Henkelman and Nathan 
S. Froemming) of carbonate formation and decomposition from the adsorption of oxygen-
labeled carbon dioxide (C18O2) on an atomic oxygen (16O) pre-covered Au(111) surface. 
We studied the effects of CO2 exposure, surface temperature, and oxygen coverage on 
carbonate formation and decomposition and also estimated reaction probabilities (~10-3-10-




Our experiments were performed in a UHV chamber that has been described 
elsewhere,14-17 but details specific to this study are briefly summarized here. The Au(111) 
single crystal sample is mounted to a tantalum plate that can be resistively heated and is in 
thermal contact with a liquid nitrogen bath. Oxygen (16O) atoms were deposited using a 
radio frequency (RF) plasma-jet source. The 16Oa/Au(111) surface was exposed to C18O2 
by backfilling the chamber and carbonate 16OC18O18O was formed. The surface carbonate 
decomposes to form either C18O2 or 16O C18O leaving 18Oa or 16Oa adatoms on the surface. 
Upon heating, the oxygen atoms undergo recombinative desorption to produce 16O2 (mass 
32) and 16O18O (mass 34), as observed in TPD. Thus, carbonate formation and 
decomposition were detected via the increased presence of mass 34 18O16O in a temperature 
programmed desorption (TPD) spectrum after the 16Oa covered Au(111) surface was 
exposed to C18O2. We did not observe 18O2 (mass 36) in the oxygen TPD since the surface 
concentration of 18O (from carbonate decomposition) is very small. 
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RESULTS AND DISCUSSION 
Figure 3.1 (a) displays TPD spectra of 16O18O (m/e=34) produced from exposure 
of the 16Oa/Au(111) surface to C18O2. The amount of 16O18O produced increases with 
C18O2 exposure at 167 K (and all temperatures studied). Two control experiments were 
performed to ascertain the source of 16O18O. First, no mass 34 was produced when the 
Au(111) surface was exposed to C18O2 without pre-adsorbed atomic oxygen. Second, 
only ~0.5% of the total amount of oxygen desorbs as mass 34 when the Au(111) surface 
is pre-covered with 16O but with no exposure to C18O2 (due to natural isotopic abundance 
of 18O). As expected, no surface-bound oxygen was lost during carbonate formation and 
decomposition, in agreement with previous studies.8-10  For clarity, Figure 3.1 (b) shows 
the amount of mass 34 produced (from the integrated TPD spectra in Figure 3.1 (a)) as a 
function of C18O2 exposure. 
In order to further examine the role of pre-adsorbed atomic oxygen on carbonate 
formation, we varied the oxygen pre-coverage (0.18 ML – 2.1 ML) while keeping both 
C18O2 exposure (30 L) and surface temperature (167 K) constant (Figure 3.2). Mass 34 
production increases with increasing 16Oa coverage, likely because more reactive oxygen 
is accessible to C18O2 on the surface. Similar results were obtained employing surface 
temperatures of 220 K and 300 K. 
We estimated the reaction probability of carbonate formation assuming a 
statistical distribution7 in the decomposition of the surface-bound carbonate 16OC18O2 and 
obtained values of ~10-3-10-4 (uncertainties of ± 50%). These small values are likely part 
of the reason why an earlier study on Au(111)6 reported undetectable surface carbonate 
formation. An Arrhenius plot of the reaction probability for two oxygen coverages (0.5 
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and 1.0 ML) is shown in Figure 3.3. The inverse relationship between reaction 
probability and temperature, with negative apparent activation energy Ea = -0·15 eV, is 
suggestive of a competition between carbonate formation and C18O2 desorption on the 
O/Au(111) surface.  
Compared to Au(111), the carbonate formation reaction on Ag(110) is very 
facile.10 Using density functional theory (DFT) we have calculated the difference in 
energetics for CO3 formation on Au(111), Au(110), Ag(111), and Ag(110). The metal 
surfaces were modeled with 4 (for 111) and 6 (for 110) layers, allowing the top two 
layers to relax. A vacuum gap of 10 Å separated the slabs. A plane wave basis set with a 
274 eV cutoff was found to be sufficient for the PAW based pseudopotentials,18 with a 
4x4x1 Monkhost-Pack k-point sampling of the Brillouin zone. All calculations were 
based upon the PW91 GGA functional.19 
Figure 3.4 shows calculated reaction paths for CO2 bound to an adsorbed O atom 
on the surface forming a CO3 species. Ag is more reactive than Au, binding CO2 with 
over 1 eV before it spontaneously reacts to form CO3. The initial CO2 binding is weaker 
on Au, and there is a significant barrier to CO3 formation– particularly on the (111) 
surface. Our calculations suggest that CO3 is bound much stronger to Ag than Au, 
consistent with our experimental results on Au(111) in which CO3 decomposition and 
CO2 desorption appear to occur in an overlapping temperature range (~120-140K) while 
on Ag(110), the carbonate decomposes near 485 K and CO2 desorbs below 160 K. 
Our DFT calculations are consistent with a negative apparent activation energy Ea 
for CO3 formation on Au(111). From an initial state with CO2 bound to an adsorbed O 
atom, there is a competition between desorption (0.72 eV) and carbonate formation (0.32 
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eV). Our calculations suggest that carbonate formation is favored at low temperature with 




In summary, we have shown evidence for carbonate formation and reaction on 
atomic oxygen pre-covered Au(111). Oxygen mixing was observed when 16Oa pre-covered 
Au(111) was exposed to isotopically labeled CO2 (C18O2) at surface temperatures ranging 
from 77 – 400 K and initial oxygen coverages ranging from 0.18 ML – 2.1 ML. Subsequent 
desorption of isotopically mixed oxygen (16O18O, mass 34) is observed as a by-product of 
carbonate formation and decomposition on the surface. TPD spectra showed more mass 34 
as more oxygen is pre-adsorbed on the surface likely due to an increase in carbonate 
formation. Carbonate formation occurs with a very small reaction probability (~ 10-4 - 10-5) 
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Figure 3.1: (a) shows the TPD of 16O18O (m/e=34) after a Au(111) surfaces covered with 
1.3 ML 16O at 77 K was exposed to varying amounts (0 – 30 L, where 1 L = 10-6 Torr · s) 
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Figure 3.2: Integrated TPD area of 16O18O (mass 34) for varying initial oxygen pre-
coverages (0.18 ML – 2.1 ML) on which 30 L of C18O2 was reacted at 167 K.  The 
contribution to the signal due to the natural abundance of 18O has been subtracted off. 
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Figure 3.3: Arrhenius plot of C18O2 reaction probability using a constant C18O2 exposure of 




























Figure 3.4: Results from DFT calculations of carbonate formation on Au and Ag (111, 










Chapter 4: The Effect of Annealing on Reactivity of Oxygen towards 
Water, CO and CO2 on Au(111) 
 
INTRODUCTION 
Gold catalysis has drawn tremendous attention since Haruta’s discovery1 of the 
exceptional catalytic activity of supported nanoparticles (NPs) 2-5 nm in diameter.  
Several reactions have therefore been shown to be catalyzed on both Au NPs and single 
crystal Au.  Particular attention has been paid to low temperature CO oxidation and other 
oxidation reactions on Au.  However, several questions remain unanswered regarding the 
details of oxidation reactions on gold.  One of these questions is the nature of the reactive 
oxygen species, an important factor in understanding oxidation reaction mechanisms.  
Numerous ideas have been proposed in the literature about the reactive state of oxygen on 
gold.  Atomic oxygen has been reported by some authors2-4 as responsible for reactivity 
on gold while a case has been made for molecular oxygen being the reactive species by 
some authors.5,6  Stiehl et al. have also shown that both molecularly and atomically 
adsorbed oxygen are active in CO oxidation on Au/TiO2.7-11  It has been reported that one 
of the most fruitful approaches to characterizing oxygen states on metal surfaces is by 
exploiting their different chemical reactivities using probe molecules.12  This current 
work therefore attempts to use simple but important probe reactions to study how 
annealing affects the reactivity of the atomic oxygen overlayer on gold. 
Studies have shown that oxygen reactivity can be changed by controlling its 
adsorption conditions.  For example, an earlier study by Gallagher showed that although 
an aluminum surface pre-adsorbed with oxygen at 295 K was unreactive towards CO at 
80 K, the same surface pre-adsorbed with oxygen at 80 K led to the formation of 
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carbonates and other products.13  Similar observations were reported regarding the 
reactivity of an oxygen pre-covered lead surface at 80 K in which it was unreactive 
towards water14 and ethylene15 when pre-covered with oxygen at 295 K but reactive with 
both water and ethylene when pre-covered with oxygen at 80 K.  On O-covered Zn(0001), 
hydroxyl formation was observed when oxygen was pre-covered at 80 K.16,17  
Sueyoshi et al. used the CO oxidation reaction to probe the reactivities of oxygen 
adsorbed on Cu(110) at 100 K and at 300 K, and reported that the low-temperature 
species are 25 times more reactive for CO2 formation.18-21  All these studies attributed the 
observed reactivity at low adsorption temperature to the presence of metastable oxygen 
(Oδ-) species.  
Regarding gold in particular, understanding the reactivity of oxygen as it pertains 
to CO oxidation and other oxidation reactions on gold nanoparticles and single crystals 
have elicited numerous interesting works.1,3,7,8,22-46  Madix and co-workers47 showed in 
early pioneering work that atomic oxygen-covered Au(110) is reactive towards methanol, 
acetylene and water. They attributed this reactivity to the Brönsted base character of 
oxygen adatoms on gold as earlier seen on other group 1B metals.  Gottfried and co-
workers prepared an O/Au(110) surface by electron bombardment (500eV) of 
O2/Au(110) at 28 K and reported recombinative desorption of O2 near 550 K.33 On 
Au(111), Lazaga et.al. studied the reactivity of up to 1 ML initial coverage of atomic 
oxygen with CO, CO2, NO2, H2O, CH3OH and C2H4 using ozone as the atomic oxygen 
source. Results from this work showed that although CO, NO2, and CH3OH reacted with 
oxygen, H2O, CO2 and C2H4 did not show any observable reactivity on O/Au(111).35 In a 
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recent study, Min et al. (using TPD, XPS and STM) reported the presence of three 
oxygen states (chemisorbed oxygen, surface oxide and bulk oxide) each showing 
different reactivity towards CO oxidation on O/Au(111).40  Recently, we have also shown 
that on a Au(111) surface populated with atomic oxygen, water, carbon monoxide, 
carbon dioxide, ammonia and methanol all react.28,29,48-51 In particular we have 
demonstrated experimentally that atomic oxygen activates water as seen by oxygen 
exchange between 16O and H218O.49,50 We also showed by continuously impinging a CO 
beam on a surface co-adsorbed with 16O and H218O, that both masses 44C16O16O and 
46C16O18O  were produced as an indication of the direct involvement of water in CO 
oxidation.49,50 
Previous annealing experiments have been performed to investigate the effect of 
annealing on clean gold.  In one of those experiments, Gottfried et al. reported that 
annealing causes a decrease in the intensity of the desorption peaks of CO from 
Au(110).52 They annealed a Au(110) surface at temperatures between 50 and 900 K and 
found changes in the CO TPD spectra up to 500 K.52 This phenomenon was attributed to 
a reduction in the defect concentration on the clean gold surface.52  Paul and Bent53 also 
investigated the relationship between structure and reactivity on gold using CH3I as a 
probe molecule. They reported that methyl group coupling occurred at ~ 270 K on a well 
annealed Au(111) surface while the reaction occurs at ~ 350 K on an incompletely 
annealed Au(111) surface following sputtering.53  Despite all these works, there are no 
published studies that describe how annealing affects oxygen reactivity on either atomic 
oxygen pre-covered single crystal gold or supported NPs.  Here we present experimental 
data showing that the reactivity of oxygen with CO, H2O and CO2 is reduced as a result 
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of annealing of the oxygen pre-covered Au(111) surface.  It is believed that oxygen 
adsorbed at low temperatures (77 K in the current work) is trapped in a metastable state 
from which the barrier to further reaction is lowered. Annealing the adsorbed oxygen 




All experiments reported here were performed in an ultrahigh vacuum (UHV) 
molecular beam surface scattering apparatus that has been previously described in 
detail11,28,34,48,50,54-56 but is briefly summarized here.  The UHV chambers are comprised 
of a scattering/analysis chamber and a quadruply differentially-pumped molecular beam 
source chamber. The scattering/analysis chamber has a base pressure less than 2.0 × 10 –
10 Torr and is equipped with standard surface analysis tools such as Auger electron 
spectrometer (AES), low energy electron diffraction optics (LEED), and a quadrupole 
mass spectrometer (QMS).  
The Au(111) single crystal sample (11mm in diameter, 1.5 mm thick) used for 
these experiments was mounted to a tantalum plate that can be resistively heated and is in 
thermal contact with a liquid nitrogen bath for cooling.  A type K thermocouple spot-
welded to the tantalum plate was used for measuring surface temperature. Oxygen atoms 
were deposited on the Au(111) surface using a radio frequency (RF) generated plasma-jet 
source that produces a supersonic beam of O atoms from an 8% (vol.) O2  in Ar gas 
mixture.54,56,57  An oxygen dissociation fraction of ~40%, as measured by time of flight 
techniques, was achieved.  Ions were deflected from the O-atom beam by a charged plate 
(biased negatively at 3000 V) located below the beam line in one of the differential 
pumping stages. We have previously shown that adsorbed O2,a is present after exposure 
to the plasma-jet source but we neglect its presence here because the concentration (< 
0.02 ML) is very low.7,8 
Research purity isotopically labeled water [Isotec®, 97.1% H218O and Spectra®, 
99.9% D216O] was used while atomic oxygen (16O and 18O) was generated from research 
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purity molecular oxygen (from Matheson Trigas™ 99.999% 16O2 and Isotec® 99.7% 
18O2 respectively). The C18O2 (Cambridge Isotopes Inc., 95% C18O2) used for the 
carbonate experiments was backfilled into the chamber using a leak valve. A typical 
value for the CO beam flux was ~9×1013 molecules / cm2⋅ 
All molecular beams (oxygen, water, and CO) were expanded from the same 
nozzle through the same apertures to ensure that the beam spots on the gold sample were 
the same in size and coincident.  The RF generator was switched on only when it was 
necessary to dose atomic oxygen through the nozzle. The beam spot (~3 mm in diameter) 
was much smaller than the sample size to minimize the effects of scattered gas interacting 
with other surfaces in the chamber.  The Au(111) surface was cleaned by argon ion (1keV, 
6µA) sputtering, followed by annealing in UHV (850 K for 10 minutes), a procedure 
which produces a carbon-free surface as verified by AES.  Further cleaning with atomic 
oxygen is done to ensure that the surface is free of all impurities. Surface crystallinity 
was verified by LEED. 
Oxygen coverages were estimated from the ratio of the dN(E)/dE peak heights, 
O(503eV)/Au(239eV) AES ratio compared to the O/Pt AES ratio of 0.3 observed for a 
p(2 × 2) oxygen adlayer on Pt(111) which corresponds to 3.9 × 1014 O atoms/cm2.  Using 
a Au(239eV)/Pt(237eV) AES ratio of 0.95 as a conversion factor,47 a O/Au AES ratio of 
0.3 corresponds to 4.1 × 1014 oxygen atoms cm-2 (0.29 ML).  Here, 1ML of oxygen is 
defined as 1.39 × 1015 atoms/cm2 and refers to a single atomic layer of close-packed gold. 
Water coverages were determined from a mass balance on a CO oxidation experiment 
involving co-adsorbed water as previously described in details.50 C18O2 exposures are 
reported in Langmuir (L) where 1 L corresponds to 10-6 Torr·s. 
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Two types of surfaces were used for these experiments.  The unannealed surface 
described in this work refers to a Au(111) pre-covered with atomic oxygen at 77 K 
without annealing to higher temperatures before dosing probe molecules (water, CO and 
C18O2).  The annealed surface on the other hand was prepared by first pre-covering the 
Au(111) with atomic oxygen at 77 K.  The surface is then annealed to a higher 





RESULTS AND DISCUSSION  
 
The temperature programmed desorption (TPD) spectra of water are displayed in 
Figures 4.1 (a) (unannealed surface) and (b) (annealed surface), with corresponding 
oxygen TPD spectra shown in Figures 4.1 (c) and (d) respectively, when a 0.18 ML 16O 
pre-covered Au(111) at 77 K was dosed with 0.53 ML H218O at 77 K.  In Figure 4.1 (a) 
the oxygen pre-covered surface was unannealed prior to exposure to water while in 
Figure 4.1 (b) the oxygen pre-covered surface was annealed to 300 K and then cooled 
back down to 77 K before dosing water. 
The water TPD spectra of both Figure 4.1 (a) and (b) show two peaks.  The 155 K 
peak corresponds to water desorption from clean Au(111) and the 175 K desorption peak 
is due to the water-oxygen interaction.50 The intensity of the higher temperature feature 
gives a good measure of the interaction of the co-adsorbed water and oxygen.  Integrating 
the area under the higher temperature feature in Figure 4.1 (a) corresponds to 29% of the 
total amount of water but only 18% on the annealed surface [Figure 4.1 (b)].  Similarly, 
in Figure 4.1 (d), the amount of unscrambled 16O2 (78% of the total oxygen on the 
annealed surface) desorbing is much greater than that in Figure 4.1 (c) (43% of the total 
oxygen on the unannealed surface).  This indicates that more of the atomic oxygen 
reacted and exchanged oxygen with water on the unannealed surface.  We also note that 
the amounts of oxygen exchange products i.e. 16O18O and 18O2 on the annealed surface 
(20% and 2% respectively) in Figure 4.1 (c) are visibly less than on the unannealed 
surface (42% and 15% respectively) in Figure 4.1 (d).  Mass balance for both oxygen and 
water shows that there was no loss of oxygen or water upon annealing. 
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Experiments similar to those described above were also performed using D216O 
and 18O.  The experiments in Figures 4.1 (a), (b), (c) and (d) were repeated using 18O and 
D216O, and the results are shown in Figures 4.1(e), (f), (g) and (h) respectively.  
Comparing Figure 4.1 (e), the unannealed surface with Figure 4.1 (f), the annealed 
surface, we also see less of the higher temperature water desorption feature from the 
annealed surface (16% compared to 23% from the unannealed surface).  There is also 
more unscrambled 18O2 (62% of total adsorbed oxygen) desorbing from the annealed 
surface [Figure 4.1 (h)] than from the unannealed surface [Figure 4.1 (g) which has only 
24%]. 
To further determine the effect of surface annealing on water reactivity with 
different oxygen coverages, we measured the amount of mass 32 oxygen desorption from 
surfaces with varying oxygen (16O) adatom coverages to which a fixed amount of water 
had been added (in this case 0.53 ML of H218O).  For example, the experiment shown in 
Figure 4.1 (a) has an initial coverage of 0.18 ML 16O to which 0.53 ML of H218O is added.  
The value of the area underneath the m/e=32 TPD spectrum in Figure 4.1 (c) divided by 
the value of the area underneath the mass 32 oxygen feature (TPD not shown) from a 
Au(111) covered with solely 0.18 ML 16O gives the fraction of remaining oxygen 
(subsequently referred to as unscrambled oxygen) on the unannealed surface.  Similarly 
on the annealed surface, the area underneath the mass 32 oxygen feature in Figure 4.1 (d) 
was divided by the area underneath the mass 32 oxygen feature (TPD not shown) from a 
surface covered with solely 0.18 ML 16O.  These provide quantitative measures of how 
much oxygen scrambling occurred for a given oxygen dose and annealing treatment.  If 
the fraction of mass 32 remaining on the surface is high, it indicates a small degree of 
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exchange between water and surface oxygen adatoms, and conversely a low fraction 
indicates a high degree of oxygen scrambling.  Figure 4.2 shows data for several different 
initial oxygen coverages on annealed (upper curve) and unannealed (lower curve) 
surfaces.  The lower curve shows the fraction of mass 32 oxygen desorbing with H218O 
on the surface when it was held at 77 K throughout the entire oxygen and water dose.  
The upper curve in Figure 4.2 shows the fraction of mass 32 oxygen when the oxygen 
overlayer was annealed to 300 K and then cooled to 77 K prior to adding H218O to the 
surface.  We clearly observe a smaller degree of mixing for the surface that has been 
annealed to 300 K prior to the water dose.  
Studies of metastable oxygen on metal surfaces have been reviewed by Carley et 
al.12  They cite several examples demonstrating that oxygen reactivity can be modified by 
changing the conditions under which oxygen is exposed to the metal surface. By 
changing the adsorption conditions, oxygen can be kinetically trapped in a metastable 
state so that the barrier to reaction is decreased. We believe that this metastable oxygen 
contributes to the increased reactivity observed regarding water on oxygen pre-covered 
Au(111).  Regarding water-oxygen interaction, water is less likely to interact 
dissociatively with the more stable oxygen overlayer created once the surface is annealed 
to 300 K, and this leads to less oxygen scrambling on the surface.  For example with an 
initial oxygen coverage of 0.18 ML, the fraction of unscrambled oxygen on the 
unannealed surface (lower plot of Figure 4.2) is about 0.18 while this value is about 0.48 
for the annealed surface (upper plot of Figure 4.2)  In both cases (with and without 
annealing to 300 K), the fraction of unscrambled oxygen increases with the oxygen 16O 
dose. This behavior is ascribed to the fact that as the surface is covered with more atomic 
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oxygen, fewer adsorption sites are available for water to interact with the oxygen adatoms 
and hence less oxygen scrambling. For instance as the initial oxygen coverage increases 
from 0.18 ML to 0.37 ML while keeping the water coverage fixed at 0.53 ML, the 
fraction of unscrambled mass 32 increases from 0.18 to 0.30, for the unannealed surface. 
To determine if temperature-induced oxygen stabilization also applies to CO 
oxidation reactions, we pre-covered our Au(111) surface with 0.37 ML 16O at 77 K, 
followed by a 10 second CO dose (via molecular beam from 10 to 20 sec on the plot) at 
77 K, as shown by the family of curves in the lower portion of Figure 4.3 (a). Figure 4.3 
(b) shows the corresponding oxygen TPD spectra for each annealing temperature as 
labeled and represents the oxygen remaining on the surface.  There is a decrease in CO2 
production with increasing annealing temperature, with the highest CO2 production 
occurring when there was no surface annealing (lowest curve). For clarity, the inset in 
Figure 4.3 (a) shows the relative amount of CO2 produced as a function of annealing 
temperature.  For each annealing temperature in Figure 4.3 (a), the relative amount of 
CO2 was calculated by dividing the CO2 TPD area for that annealing temperature by the 
CO2 TPD area of the lowest curve (no anneal).  According to the inset in Figure 4.3 (a), 
the relative amount of CO2 decreases with increasing annealing temperature.  The inset in 
Figure 3 (b) which gives the relative amount of oxygen was obtained for each case by 
dividing the area beneath the oxygen TPD in each case by the area beneath an oxygen 
TPD from a Au(111) surface pre-covered with 0.37 ML 16O at 77 K.  We noted that the 
amount of unreacted oxygen increases with increasing annealing temperature of the 
oxygen overlayer prior to CO dose, an observation consistent with the measurements 
shown in Figure 4.3 (a).  The inset in Figure 4.3 (b) gives a quantitative measure of the 
 
 83
amount of unreacted oxygen as a function of annealing temperature.  In an XPS and UPS 
study by Felter et al,58 the presence of two types (active and inactive oxygen) of atomic 
oxygen species on Ag(111) were reported. The active oxygen was characterized by an O 
1s peak at 528.5 eV while the inactive specie was seen at 530 eV.  CO exposure followed 
by XPS showed that the oxygen with a peak at 530 eV was less reactive in oxidizing CO 
than the oxygen with its O 1s peak at 528.5 eV.58 Again, our observation on Au(111) is 
similar to those results on Ag(111). We note that CO accumulates on the surface at 77 K 
and that annealing the surface to higher temperatures allows some of these accumulated 
CO to scrub off some of the remaining oxygen on the surface. Therefore the oxygen 
shown in the TPD of Figure 4.3 (b) might be smaller than it should have been if no CO2 
formed from the accumulated CO on the surface reacting with adsorbed atomic oxygen. 
Another measure of the effect of annealing on oxygen reactivity is the carbonate 
formation and decomposition reaction previously reported on oxygen covered Au(111).51  
Figure 4.4 shows reaction probability for surface carbonate on atomic oxygen (16O) pre-
covered Au(111) surface that has been pre-annealed to different temperatures.  In each 
annealing experiment, we pre-covered the Au(111) surface with 0.64 ML of 16O then 
annealed to higher temperatures (150 K, 300 K and 400 K) and later exposed to 30 L 
C18O2 after the surfaces have cooled down to 77 K.  A similar experiment was performed 
on a Au(111) surface pre-covered with 0.64 ML of 16O at 77 K without any subsequent 
annealing prior to 30 L C18O2 exposure at 77 K.  A sizeable decrease in reaction 
probability was observed with increasing annealing temperature as shown in Figure 4.3.  
The reaction probability of the surface annealed to 400 K is 9.2 times smaller than that of 
the unannealed surface.  Annealing the oxygen pre-covered surface to 300 K results in a 
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reduction in carbonate formation probability by a factor of four relative to the unannealed 
surface.  There was no oxygen loss in these reactions as determined from the areas 
underneath both the mass 32 and mass 34 oxygen TPD spectra.  Oxygen mixing was used 
as a measure of carbonate formation and decomposition as earlier reported on oxygen 
pre-covered Au(111).51  A surface carbonate is formed when atomic oxygen (16O) pre-
covered Au(111) is exposed to oxygen-labeled carbon dioxide (C18O2).  This surface 
carbonate decomposes leaving behind 18Oa and 16Oa which recombine to form 16O18O.  
Pre-annealing the oxygen covered surface reduces the reactivity of the oxygen adlayer on 
the surface.  In the case of pre-annealing to 300 K and 400 K, we anticipate a decrease in 
the concentration of surface carbonates formed as there are less reactive oxygen species 
available to react with adsorbed C18O2.  This in turn leads to fewer 18Oa on the surface.  
This reported reduction the reaction probability further supports our claim that most of 
the surface oxygen species that could have reacted with probe molecules are present in an 
thermally-induced stable (less reactive) state from which the barrier to reaction is quite 
high.  It is worthwhile to compare our carbonate formation results to a previous report59 
on the formation of surface carbonate from the reaction of C16O2 (Ts = 300 K) with 18O2 
pre-covered Ni(100) at 135 K, 300 K and 370 K using XPS and TPD.  Negligible 
carbonate formation was observed on the surface pre-covered with oxygen at 370 K even 
with CO2 exposures of up to 100 L while the maximum rate of carbonate formation was 
attained for the surface exposed to oxygen at 135 K.59  A  reduction (by a factor of 3) in 
the rate of carbonate formation was reported for the surface pre-exposed to oxygen at 300 
K.59  The reactivity of Ni(100) in the experiments conducted at 135 K and 300 K was 
attributed to the reaction of CO2 with an activated form of oxygen that were made 
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available to the Ni(100) at these adsorption conditions.59  According to this study, the 
presence of stable or ordered oxygen species is responsible for the lack of reactivity 
observed at 370 K.  These results on oxygen pre-covered Ni(100) are similar to our 
observations regarding surface carbonate formation and decomposition on atomic oxygen 
pre-covered Au(111). 
It is therefore evident from our results that the surface reactivity of atomic oxygen 
can be maximized when it is adsorbed at low temperatures (77 K n this case).  At these 
low temperatures, adsorbed atomic oxygen exists in a metastable and reactive state from 
which the barrier to further reaction is quite low.  By annealing, this reactive oxygen state 
becomes thermally stabilized and trapped in a chemisorbed state from which the barrier 
to further reaction is higher than the unannealed state.  This work therefore further 
provides experimental evidence that atomic oxygen is a reactive species on gold and that 





Based on our investigation of the effect of annealing on the reactivity of oxygen 
on Au(111) using temperature-programmed desorption and reactivity measurements of 
probe molecules, we observed significant reduction in oxygen reactivity on all annealed 
surfaces.  These results are confirmed by previous studies on other metal surfaces where 
the reactivity of oxygen was changed by varying its adsorption conditions on those 
surfaces. On Au(111), TPD results of water-oxygen interaction on an annealed surface 
indicates that the reactive oxygen state is the unannealed oxygen state.  We observed that 
there is a reduction in the higher temperature water desorption peak (~ 175 K) from the 
annealed surface. Corresponding oxygen TPD spectra also showed less oxygen 
scrambling on the annealed surface. 
Comparing CO titration experiments from annealed and unannealed oxygen pre-
covered Au(111) surfaces shows more CO2 being produced on the unannealed surface.  
Subsequent oxygen TPD spectra after each CO2 titration experiment showed that there 
was an increasing amount of unreacted oxygen as annealing temperature increased.  
The surface carbonate formation experiments on atomic oxygen pre-covered 
Au(111) surface pre-annealed before CO2 dose also showed significantly lower reaction 
probability.  Since oxygen mixing is due to carbonate formation and decomposition, less 
carbonate seems to be formed on the annealed surface to begin with. This also further 
reiterates our previous report that the carbonate formation and decomposition reaction on 
oxygen pre-covered Au(111) originates from C18O2 reacting with adsorbed atomic 
oxygen to form surface carbonate (C18O18O16O).  Upon heating the surface during TPD, 
the surface carbonate decomposes into 18CO2 and adsorbed atomic oxygen (18Oa and 
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16Oa).  We hypothesize that the observed reduction in reactivity is due to thermal 
stabilization of metastable oxygen species as a result of pre-annealing the oxygen covered 
Au(111) surfaces reported in this work.  These metastable oxygen species are responsible 
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Figure 4.1: TPD Spectra of H218O after dosing (a) 0.53 ML of H218O in addition to 0.18 
ML of 16O on Au(111); (b) 0.18 ML of 16O on Au(111) at 77 K, and annealing the 
surface to 300 K (β = 1 K/s) followed by 0.53 ML of H218O dose at 77 K.  Figures 1 (c) 
and (d) represent the corresponding oxygen TPD for (a) and (b) respectively. 
TPD spectra of D216O from (e) a surface similar to [1 (a)], but with D216O and 18O; (f) a 
surface similar to [1 (b)], but with D2O and 18O. Figure 1 (g) and (h) represent the 
corresponding oxygen TPD spectra for 1 (e) to (f) respectively. All doses are done at 77 
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Figure 4.2: Fraction of mass 32 oxygen remaining on the Au(111) surface from TPD 
taken after dosing 0.53 ML of H218O on top of six different amounts (0.18 ML, 0.37 ML, 
0.50 ML, 0.64 ML, 0.84 ML and 1.30 ML) of 16O. The lower plot shows the fraction of 
mass 32 oxygen remaining on the unannealed surface, while upper plot shows the 
fraction of mass 32 oxygen remaining on the surface that was annealed to 300 K after 
oxygen dose and cooled back to 77 K before H218O dose. All isotopically labeled water 
and oxygen atoms were dosed at 77 K. A heating rate of β = 1K/s was used for water and 






















































































Figure 4.3: (a) CO2 evolution at 77 K from eight different 0.37 ML 16O covered Au(111) 
surfaces annealed to varying temperatures (100 K, 150 K, 200 K, 250 K, 300 K, 350 K, 
400 K , 420 K respectively) at β=1K/s and cooled to 77 K in each case before 10sec CO 
dose. The ninth curve (lowest curve) represents CO2 evolution from an unannealed 
surface.  The inset in the upper portion of the panel shows the normalized amount of CO2 
evolved as a function of annealing temperature.  (b) TPD spectra showing unreacted O2 
remaining on the Au(111) surface after CO oxidation in each of the above case. Again, 
the lowest curve represents TPD of the remaining oxygen on the unannealed surface.  
The inset in the upper portion of panel shows the normalized amount of O2 remaining on 


















































Figure 4.4: Reaction probability of carbonate formation as a function of annealing 
temperature on 0.64 ML 16O pre-covered Au(111) surface at 77 K followed by exposure 
to 30 L C18O2 at 77 K.  The surface was annealed to higher temperatures 150 K, 300 K 
and 400 K before C18O2. The leftmost point represents carbonate formation probability 
from a surface that was not annealed prior to C18O2 exposure.  All surface doses and 
exposures were done at 77 K and a heating ramp of 3 K/s was used in all cases. 




Chapter 5  Concluding Remarks 
 
There is no doubt that more is known today about gold catalysis than was known 
twenty years ago. Haruta’s pioneer work1 on gold NPs supported on metal oxides has 
sensitized the catalysis and surface science community to the great potential of gold in 
catalyzing reactions that are useful for both fundamental and industrial applications. 
Despite the wealth of information from several studies2-14 about gold catalysis in general 
and in particular, about low temperature CO oxidation, this subject area is far from being 
completely understood. Several aspects of gold catalysis are still debated in literature. 
Issues pertaining to the mechanistic details of low temperature CO oxidation such as the 
nature of active sites, the nature of the reactive oxygen species, the role of support and 
the role of moisture, all require further studies. This dissertation has therefore focused on 
a number of these issues mentioned above. 
In general, the use of single crystal Au(111) can help to understand how important 
the metal oxide support is in gold catalysis. For all the experiments shown in this 
dissertation, the Au(111) surface was pre-covered with atomic oxygen using an RF 
plasma jet. Similar reactions to those reported by classical catalytic studies on supported 
gold NPs were also observed on oxygen pre-covered Au(111). For example, Date and 
Haruta showed that water promoted CO oxidation on well-prepared Au/TiO2,15,16 this 
same phenomenon was observed by impinging CO on atomic oxygen pre-covered 
Au(111) to which water was added. This shows that not only is gold NPs (with or without 
support) reactive, bulk gold can also be reactive given the right conditions like pre-
covering with atomic oxygen. Atomic oxygen is necessary because the dissociative 
adsorption of molecular oxygen on Au(111) is a highly activated reaction. Another issue 
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is that the lifetime of molecular oxygen on Au(111) is very short as it desorbs at 
temperatures lower than 77 K which is the lowest temperature used in this work. 
In Chapter 2, experimental evidence and DFT calculations were presented to show 
that water enhances CO oxidation on Au(111) by water and oxygen first forming 
hydroxyls followed by CO reacting with these hydroxyls to form CO2. It was shown that 
water is directly involved in CO oxidation reactions contrary to previous reports that 
water is acting as a spectator molecule. Using isotopically labeled water (H218O) co-
adsorbed with atomic oxygen (16O), water was shown to react with water to form 
hydroxyls. DFT calculations showed that the hydroxyl formation was rapid and facile 
because the kinetic barrier to the reaction is only 0.11 eV (45 K). The oxygen exchange 
observed in TPD further proves that the hydroxyls formed from water-oxygen reaction 
recombine very rapidly and reversibly with only 0.05 eV energy difference between the 
O/H2O initial state and 2OH final state. Impinging C16O on the Au(111) co-adsorbed with 
H218O and 16O produced 46 18OC16O (in addition to 44 16OC16O). The 18O undoubtedly 
originated from water and proves the direct involvement of the adsorbed water in CO 
oxidation. It was noted however, that impinging C16O a Au(111) surface pre-covered 
with only H218O did not oxidize CO to produce CO2. Hence, hydroxyls are the active 
species in water assisted CO oxidation. Isotope effects were observed as differences in 
oxygen scrambling and in CO2 production between co-adsorbing H2O and D2O. These 
isotope effects reinforced the proposed model of CO oxidation by hydroxyls formed by 
water reacting with co-adsorbed oxygen. 
In Chapter 3, the formation of surface carbonate on oxygen pre-covered Au(111) 
was investigated. Experimental results supported by DFT calculations were presented to 
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show that surface carbonate can be formed on oxygen pre-covered Au(111). 16O18O 
(mass 34) was used as the signature for carbonate formation and decomposition when a 
Au(111) surface pre-covered with 16O was exposed to C18O2. A fascinating observation 
was that mass 34 production increased as the surface was exposed to more C18O2 while 
holding oxygen coverage and surface temperature fixed. There was no detectable 16O18O 
formation when a clean Au(111) surface was exposed to C18O2. Interestingly, an oxygen-
coverage dependent carbonate formation and decomposition was observed as more and 
more mass 34 was produced with increasing oxygen pre-coverage until saturation 
coverage of oxygen on Au(111) was reached. C18O2 was reported to first react with 
adsorbed atomic oxygen to form surface carbonate species, C18O18O16O. This carbonate 
species decompose upon heating and leaving 16Oa and 18Oa on the surface. 16O18O was 
produced from the recombinative desorption of the 16Oa and 18Oa left on the surface. 
Chapter 3 also reported that there was no oxygen loss during the carbonate formation and 
decomposition reaction, an important observation made previously about carbonate 
formation and decomposition reaction on Ag(110).17 One significant observation from 
Chapter 3 is that surface carbonates can be formed on gold and the claim by some 
studies18,19 that carbonate formation is an important step during CO oxidation might be 
true. 
The nature of the reactive oxygen species on gold has drawn some attention as it 
is believed to be important in determining the mechanistic details of many oxidation 
reactions. Chapter 4 is a presentation of results showing the effect of annealing on the 
reactivity of atomic oxygen pre-covered Au(111). Results are presented to show the 
annealing effect on the reactivity of oxygen using water, carbon monoxide and carbon 
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dioxide as probe molecules. Chapter 4 examines the previously believed notion that the 
reactivity of oxygen can be changed by changing the adsorption conditions of oxygen on 
the surface. On Au(111), TPD results of water-oxygen interaction on an annealed surface 
indicates that the reactive oxygen state is the unannealed oxygen state. Experimental 
results showed less water-oxygen interaction on the annealed surface as evident in both 
the water and oxygen TPD spectra. CO titration experiments from annealed and 
unannealed oxygen pre-covered Au(111) surfaces also showed more CO2 being produced 
on the unannealed surface.  There was an increase in the amount of unreacted oxygen as 
annealing temperature increased showing stabilization of the oxygen overlayer as a result 
of annealing. Results were also presented showing that the surface carbonate formation 
on annealed and unannealed oxygen pre-covered Au(111) surfaces are different. 
Significantly less 16O18O (mass 34) was produced on the annealed surfaces. Chapter 4 
concludes that metastable oxygen is the reactive oxygen species on our Au(111) sample 
similar to observations on other metal surfaces.20-23 Annealing is believed to stabilize 
these reactive oxygen species thereby making them less reactive to probe molecules on 
the surface. This work therefore further provides experimental evidence that atomic 
oxygen is a reactive species on gold and that its reactivity can be altered by changing the 
adsorption conditions on the surface. 
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RECOMMENDATIONS FOR FUTURE RESEARCH 
Gold catalysis continues to draw attention as more energy and resources are 
focused on understanding the mechanistic details of the unique reactivity of metal-oxide 
supported Au NPS < 5 nm in diameter. On one hand, the provision of a complete picture 
for the surprising activity of Au NPs towards low temperature CO oxidation is a 
motivating factor for doing more work on gold catalysis. Another motivating factor is 
exploring areas of possible future research and applications that are currently being 
catalyzed by other metals. The use of Au in bimetallic catalysis is a new and growing 
area of interest. Goodman and co-workers reported in a recent publication that Au can be 
used as a promoter in a bimetallic Au-Pd catalyst.24 This and other results continue to 
emerge about the enormous potentials of gold catalysis. Although I have presented 
experimental results and DFT calculations to shed more light on some of the 
controversial issues pertaining to low temperature CO oxidation and some other aspects 
of gold catalysis, more work still needs to be done in order to move closer to a position 
where there is a vivid picture of the mechanistic details of gold catalysis. 
Pertaining to the role of moisture in low temperature CO oxidation, I suggest two 
additional experiments. The first experiment is to use other surface spectroscopy tools to 
determine the intermediates that are formed during the water-oxygen interactions and CO 
oxidation in the presence of co-adsorbed water and oxygen. Using Infra red Adsorption 
Spectroscopy (IRAS) is a possible way to confirm the formation of OH or OD as the 
vibrational modes can be observed and differentiated. IR spectra from co-adsorbing a 
Au(111) surface with both water and oxygen can be used to garner information about the 





Figure 5.1: Schematic illustration of NP formation.
and DFT calculations presented in Chapter 2 suggested that COOH and OHCOOH are 
both possible intermediate during CO oxidation. IR spectra during CO impingement on a 
Au(111) surface co-adsorbed with water and oxygen might provide very useful 
information about the presence of COOH or other intermediates during this reaction.  
Another useful experiment to complement my work on water enhanced CO 
oxidation on Au(111) is the use of metal oxide supported Au NPs. Since the (111) surface 
is the most predominant surface of supported gold NPs, impinging a CO beam after co-
adsorbing water and oxygen on oxide-supported Au NPs will help confirm results from 
the Au(111) surface. Using oxide-supported Au NPs will also mimic Date and Haruta’s 
classical catalysis work15,16 on CO oxidation by water under clean UHV conditions.  
The effect of nanoparticle size on reactivity can also be studied using methods 
that can allow the deposition of size-controlled metal NPs. Our lab has the capability of 
making size-selected metal nanoparticles using a commercial nanocluster deposition  
 
system Nanogen50 (Figure 5.1) placed in line with a quadrupole mass filter (MesoQ) 
both purchased from Mantis Deposition Limited, UK. The nanocluster deposition system 
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works by using a dc magnetron sputtering discharge. By striking a plasma of Ar carrier 
gas at high voltage (typically > 500V, and > 100mA current), a magnetron discharge 
formed and is directed towards the 2” diameter sputter target (cathode) where it sputters 
off the target metal into the aggregation zone. The cluster vapor is condensed and 
agglomerated by gases (usually Ar or He) in the aggregation zone. The aggregated 
clusters (both ionized and neutral species) are introduced into the quadrupole where they 
are size-selected based on the input into the computer software. Figure 5.2 shows a 
typical mass distribution of unfiltered NPs. 
 
 Having presented a brief account about the concept of carbonate formation on 
oxygen pre-covered Au(111), I recommend a full-scale study using both experiments and 
calculations. A more systematic approach incorporating experiments and DFT 
calculations might be able to explain the difference in reactivity between single crystal 
Ag(110) and results presented in Chapter 3 on Au(111). I am also curious about how the 
chemistry might differ due to possible structural effects on the more corrugated single 
 



























Figure 5.2: Example of size distribution spectrum 
of Ir nanoclusters without mass filtering.
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crystal Au(110) surface. A structural effect on reactivity has been seen as differences 
carbonate formation on Ag(110) and Ag(111) where the reaction is very facile on the 
(110) surface of silver. An extension of this study on supported NPs might also provide 
useful information in understanding the surface chemistry of carbonate formation and 
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